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ABSTRACT 


The temperature, salinity, pH, and concentrations of dissolved oxygen, dissolved nitrates, 
nitrites, inorganic phosphates, and silicates are shown and discussed. The occurrence of these 
properties and their seasonal and diurnal cycles are related to the mechanism of tidal 
exchange, discharge of the Fraser River, weather, and growth of plankton to show the sources 
of the properties, the sequence of their change, and why, when, where, and how they occur. 

In the Strait of Georgia the waters are highly stratified. Fresh water from the Fraser 
River moves persistently seaward, entraining sea water en route. An upper brackish zone 
is formed in which the constituents occur in cloud-like distribution, and vary with tide and 
season. Below this is a deep zone where stratification is slight, and the properties are nearly 
constant throughout the area and the year. 

In the approaches to the strait the tidal flows are turbulent and mix the waters to 
homogeneity. Here the highly stratified upper-zone waters became apparent during the ebb 
flow, and homogeneous waters during the flood. 

The high concentrations of dissolved phosphates are attributed to the ocean water 
which intrudes the region in the lower zone. The high concentrations of dissolved silicates 
are attributed to the Fraser River waters. It is suggested that the supply of dissolved nitrates 
is the limiting factor in phytoplankton growth. 
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I. INTRODUCTION 


Tue Strait of Georgia (Fig. 1) provides important fisheries for Pacific salmon, 
herring, cod, groundfish, oysters, shrimps, and clams. It is a commercial seaway 
of some consequence, and is the sea approach to the Port of Vancouver. Because 
of these attributes it was the first seaway on the Pacific Coast of Canada to be 
investigated oceanographically. Hutchinson and his associates Lucas and Mc- 
Phail (1928; 1929; 1930; 1931) worked from the Biological Board (now Fisheries 
Research Board) of Canada’s Biological Station at Departure Bay near Nanaimo 
on Vancouver Island, and Thompson and associates (1932) worked from the 


Oceanographic Laboratories of the University of Washington at Friday Harbor 
in the San Juan Islands. 


Review oF Previous KNOWLEDGE 


Hutchinson and associates made summer studies of the properties of the 
water, particularly the dissolved phosphates, silicates, and nitrates, and of 
their relation to the phytoplankton population. They reported unusually high 
concentrations of these nutrients. Hutchinson concluded that these were asso- 
ciated with the outflow of the Fraser River. Subsequent studies extending through- 
out several years have confirmed Hutchinson’s observations of rich nutrients, but 
do not altogether confirm his deductions regarding their source, or the oceano- 
graphic mechanism. 

In that work, Hutchinson and Lucas (1931) studied data collected from 
May through August of the four years 1926 through 1929. In spite of severe 
limitations of equipment (only one water-sampling bottle) they described the 
principal characteristics of the water in the Strait of Georgia. They showed that 
the salinity of the surface waters was dominated by the discharge of the Fraser 
River, and that the surface temperatures were consequent on summer insolation. 
They also recognized that the turbulent currents in the approaches to the strait 
mixed these stratified waters to homogeneity. However, their representation of 
the distribution of properties in the area is questionable because they combined 
data from the whole period of observation to depict synoptic temperature and 
salinity distributions. The present data indicate that the change of these proper- 
ties with time at any one location is likely to be as great, if not greater, than 
the differences from one location to another at one time. 


DESIGN OF INVESTIGATION 


The present study was designed to observe the seasonal and tidal cycles 
in the properties of the water throughout the area at all depths. The data were 
collected by Neal M. Carter and John P. Tully through 1931 and 1932. In order 
to observe the annual cycle of properties, serial oceanographic observations were 
made monthly from November, 1930 to January, 1932 at Station 1, a centrally 
located position in the Strait of Georgia (Fig. 1). 

Three surveys were conducted in 1932 to observe the tidal and seasonal 
variations of the properties in different parts of the area. Eighteen positions (A 
to R, Fig. 1) were selected. The ship (Fig. 2) was anchored on each one in turn 























Fic. 1. The Strait of Georgia and approaches showing the location 
of the observations. 


Fic. 2. C.G.M.S. A.P. Knight, from which the oceanographic observations 

were made. The sounding line was handled from a winch and davit 

assembly on the after deck. Sea-water samples were analysed in the 

laboratory in the deckhouse. The ship was destroyed by fire in 1942 and 
the early log books with records of the cruises have been lost. 
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while serial observations were made at the four times of successive high and 

low tides in a day. This whole series was observed in the early spring before 

the annual freshet of the Fraser River (Fig. 3), again during the freshet (sum- 

mer), and finally in the early winter when the discharge again attained low 

levels. It was anticipated that these surveys would demonstrate the gamut of 

the effects of the Fraser River discharge, and define the seasonal temperature 
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Fic. 3. Discharge of the Fraser River and surface sea-water temperatures 
at Departure Bay through 1932 (smoothed by sevens) showing the times 
of the observations. 
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cycle. It was originally planned to complete each survey in about 3 weeks and 
combine the data from each tidal stage of each survey to form four synoptic 
pictures from which the tidal effects could be assessed. However, so much 
time was required for the completion of each survey that the data were not 
comparable, and no synoptic presentation could be made. Furthermore the 
terms “spring”, “summer”, “autumn”, and “winter” have only the broadest 
connotations because they embrace a wide range of conditions. (See page 290 
for a definition of these seasons as used in the oceanographic sense in many 
places in this paper.) For example, the spring survey commenced in March 
1932, when the river discharge was low but continued until the effects of the 
Fraser River freshet were felt in May. It is apparent from Fig. 3 that the spring 
data observed at Stations N, O, P and Q during high runoff in May would 
be more correctly associated with the summer freshet period. These data do, 
however, show the diurnal variation of properties associated with tidal move- 
ment, and the gamut of properties associated with the runoff and seasonal 
weather cycles. 

Hutchinson’s work provided a guide to the location of the stations. He 
noted that the reversing tides ebb and flood through the passages in the 
southern and northern approaches to the Strait of Georgia, through the islands 
along the western side, and in and out of the mainland inlets. It appeared logical 
that in the vicinity of these passages, water from the Strait of Georgia should 
be evident towards the end of the ebb flow (low tide) and the waters charac- 
teristic of these passages should be evident towards the end of the flood (high 
tide). Therefore, the stations were located near the anticipated water mass 
boundaries to indicate the maximum change of properties through the tidal 
cycle. 

During 1931 and 1932 samples were taken with Ekman deep-sea reversing 
sampling bottles, with Negretti and Zambra reversing thermometers attached, 
at depths of 0, 1, 2, 4, 6, 10, 20, 30, 50, 100, 150 and 200 m., or as many of 
these as the depth of water would allow. Immediately after collection, the 
samples were analysed on board ship for salinity and the concentration of 
respiratory and nutrient constituents. 

Standard methods for analysis were used, with modifications for use in sea 
water and on ship-board, as outlined in the “Handbook of Oceanographic 
Methods” (Pacific Oceanographic Group, 1949), These may be summarized 
briefly. 

Chlorosity (CIl/l.) (Sverdrup et al., 1942) was determined by the Mohr 
titration, from which salinity (S%0) was computed by the graphs of Carter and 
Tully (1937). 

Dissolved oxygen was determined by the Winkler (1888) titration method 
and the concentration reported as milligrams per litre (mg./1.). 

Hydrogen ion concentration was determined colorimetrically using a La- 
Motte block comparator and cresol red standards, and reported as pH without 
salt correction. 
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Dissolved phosphates were determined by the ceruleomolybdate method 
of Denigés (1921) and reported as milligrams of phosphate (PO,) per cubic 
metre (mg./cu.m.). 

Dissolved silicate was determined by the method of Dienert and Walden- 
bulcke (1923) and reported as milligrams of silicate (SiO;) per litre. 

The colorimetric analyses for phosphate and silicate were carried out by 
visual comparison of the sample and a standard in Nessler tubes, using artificial 
light in a comparator of special design (Tully and Carter, 1938). 

Dissolved nitrates were determined by the reduced strychnine method 
(Harvey, 1926) and reported as milligrams of nitrate (NOs) per litre. 

Dissolved nitrites were determined by the Griess-Ilosvay o-napthylamine 
method (Treadwell and Hall, 1919) and reported as milligrams of nitrite (NO,) 
per cubic metre. 

The minor constituents are reported as milligrams per litre (or cubic metre), 
instead of using milli-equivalents as later advocated. Use of the former unit is 
consistent with the published data records (Joint Committee on Oceanography, 
1953) and is still accepted (Sverdrup et al., 1942). 

The data may be viewed from two standpoints. By themselves they illustrate 
the observed structure and range of values. These may be taken as representative 
of the properties of the water from which average values and extremes of 
variation may be assessed. For example, the greatest range of salinity occurs in 
the surface waters in the vicinity of the Fraser River and the least occurs in the 
southern passages, but the relation of these adjacent water masses is not apparent. 
Hutchinson and Lucas (1931) have already reported data in this manner. 

Alternatively, the principal characteristics of mechanism and circulation 
may be established to define the cause and nature of the differences of properties 
at the several stations and seasons, and to show the sources of the properties, 
the sequence of their change, and why, when, where, and how they occur. This 
approach is the more sophisticated and desirable, but was not possible at the 
time of the surveys. Since that time the principles of mechanism have been estab- 
lished by research in this and adjacent regions, and elsewhere, and it is now 
possible to discuss the significance as well as the observed values of the data. 
For this reason, considerable use has been made of later data, and oceanographic 
principles are illustrated with examples from other locations. 

Daily observations of sea water temperature and salinity have been made 
at several positions in the region during the periods shown in Table I. In this 
program, the temperature is observed and a sample of water is taken at | m. 
depth, within an hour of the high tide occurring during daylight hours. The 
salinity of the samples is determined at the base laboratory and the data are 
published annually (Fisheries Research Board of Canada, 1947-1956). Some 
of these data include the period of these studies (1931 and 1932). Others are 
more recent and can only be used to illustrate the nature of the annual cycles 
of sea water properties. 

Synoptic surveys, in which 70 to 80 serial stations were observed in 4 to 5 
days, were conducted by Waldie (1950) from 1949 to 1951, and have been 





TasLeE I. Location and commencement dates of daily observations of sea-water temperature 
and salinity in the Strait of Georgia and approaches. (These data are published in 
Observations of Sea Water Temperature and Salinity on the Pacific Coast of Canada, 
Volumes I to XV, Fisheries Research Board of Canada, 1947-1956.) 





Position Observations continuous from 


Amphitrite (West coast of Vancouver Island) August, 1934 
William Head (Juan de Fuca Strait ) January, 1921 
Departure Bay (near Entrance Island) September, 1914 
Entrance Island November, 1936 
New Westminster (temperature only) (Fraser River ) February, 1927 
Cape Mudge (northern Strait of Georgia) November, 1936 
Pine Island (Queen Charlotte Strait ) January, 1937 





studied by Waldichuk (1953a-d; 1957; Waldichuk and Tabata, 1955). These 
surveys have provided the data for complete evaluation of the physical oceano- 
graphic state and mechanism at intervals through the year, and their relation 
to weather and discharge. However, these recent surveys do not include the 
detail of the properties of the water presented here. 

The occurrence, levels, and variations in time and space of the several 
properties are discussed individually in Sections II-V. Appreciation of the 
significance of these properties and their variations requires considerable 
knowledge of the locale, climate, and natural forces. The geography of the 
region, the tides, the winds, and consequent physical considerations, are general 
factors which affect the level and distribution of all properties. These are 
therefore described in the following foreword to the discussions in Sections II-V. 

The water temperatures are intimately related to insolation; salinity is closely 
related to land drainage; dissolved oxygen and hydrogen ion are related to 
respiratory processes of sea life,-and dissolved silicates, nitrates and nitrites are 
nutrients related to the plankton development. It is considered advisable to 
include these related factors in the discussions of the individual properties. 


GEOGRAPHY 


The Strait of Georgia (Fig. 1, 4) is the widest of a series of seaways separat- 
ing Vancouver Island from the mainland of British Columbia and the State of 
Washington. It is about 140 (nautical) miles long and varies in width from 10 
to 30 miles. Except for the region of the Fraser River delta, the eastern side of 
the strait is bordered by steep mountainous shores. The western side is generally 
bordered by a gentle slope backed by mountains. There are many bays, inlets, 
and islands, forming a region of varied and complex geography which is 
adequately described on charts of the Canadian Hydrographic Service (Canadian 
Hydrographic Service, 1955). 

As shown in Fig. 4, the strait is connected with the ocean at both ends. At 
the south the approach is first through Juan de Fuca Strait, 75 miles long, about 
11 miles wide, and 100 fath. deep at the seaward end, shoaling to less than 30 
fath. at the inner end. Turning northward the seaway encounters a maze of 
channels through the San Juan Archipelago which may be collectively designated 





Fic. 4. Chart of the Strait of Georgia showing the bottom topography as 
represented by the 100- and 200-fath. (182- and 364-m.) contours. 


as the southern passages. Haro Strait and Boundary Pass on the western 
Vancouver Island side form the main ship channel. The depths are generally of 
the order of 100 to 120 fath., the width is 2 to 5 miles and the length about 
30 miles. It leads directly jnto the second maze of passages and islands along the 
western side of the Strait of Georgia which are collectively known as the Gulf 
Islands. Middle Channel is the least of the southern passages, 30 miles long, 2 to 
3 miles wide and 25 to 60 fath. deep. Rosario Strait on the eastern side is 3 to 
6 miles wide, and of the order of 30 fath. deep. 

At the north, the approach is also through a maze of islands and channels 
extending for 150 miles. The principal approach is through Johnstone Strait on 
the western side. The eastern approach through Cordero Channel branches off 
Johnstone Strait midway of its length. Both of these channels are 1 to 2 miles 
wide and of the order of 100 fath. deep, but flow through both is obstructed by 
narrows, which are effectively two-way falls, in which the currents attain 12 to 
15 knots at strength (LaCroix and Tully, 1954). 
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Texada and Lasqueti are large islands in the middle of the northern half of 
the strait. South of these, on the mainland shore, is the Fraser River delta from 
which the river discharges in three channels. The tide flats around this delta are 
about 5 miles wide and dry at low tide. Northward of the Fraser River, along 
the mainland shore there are several long deep inlets with distinct oceanographic 
characteristics (Carter, 1934; Pickard, 1953a, b, 1954; Tabata and Pickard, 1957). 

Most of the Strait of Georgia is open water, and generally 50 to 100 fath. 
deep. The greatest depths exceed 200 fath. and are deeper than any of the 
channels connecting the strait with the ocean.* 


TmES AND TrpDAL CURRENTS 


The tides in the Strait of Georgia (Canadian Hydrographic Service, 1932) 
are of the semi-diurnal mixed type, and are strongly declinational. As indicated 
in Fig. 5 they pass through tropic and equatorial sequences in alternate weeks. 
During the week of tropic ranges, there is one large tide and one small tide 
(half tide) each day in which the diurnal inequality is most marked in the 
low tides. This sequence is designated: lower low water (LL) higher high 
water (HH) low water (L) and high water (H), and the foregoing abbrevia- 
tions are used in certain of the Tables and Figures of this paper. The range of 
these tropic tides, from higher high water to lower low water, is greatest in 
June and December, about 5 m. (15 feet), and least in March and September, 
about 4 m. (12 feet). During the periods of equatorial tides the range is usually 
less than 3 m. (9 feet). During solstices the diurnal inequalities are apparent 
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Fic. 5. Typical tide cycles in the Strait of Georgia (Sand 
Heads). (From Tide Tables for the Pacific Coast of 
Canada, Ottawa, 1932). 
- 2The deepest part of the system is in Homfray Channel, leading into Toba Inlet, where 
depths in excess of 400 fath. are observed. 
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(Fig. 5) but near the equinoxes the semi-daily tides are similar (Tide Tables, 
Pacific Coast of Canada, Ottawa, annual). 

It should be noted that tidal datum (chart datum) in this region is the mean 
level of the lower low waters as observed through several years. This datum 
varies from place to place and is 9 to 10 feet below mean sea level. The geodetic 
mean sea level is the mean of hourly heights of the tide at Victoria, B.C., 
through a period of 14 years. It is slightly lower (0.02 foot) than true mean 
sea level determined through 19 years, but has not been changed because it is 
the principal reference level to which many engineering works had already 
been referred. There is some reason to believe that because of the strong currents 
in the vicinity of Victoria the 19-year mean sea level may be low (by about 0.02 
foot) (LaCroix and Tully, 1954). 

Along the ocean coast the tide is a rotary standing wave (Bauer, 1923) 
with a centre about 800 miles west of the coast. The lag in time from Juan de 
Fuca Strait to the north end of Vancouver Island is about 15 minutes. The tide 
intrudes the northern and southern approaches as progressive waves. The 
northern wave advances to the channel constrictions at Seymour and Yuculta 
Rapids, which are tidal falls, and the tides become hydraulic (LaCroix and 
Tully, 1954). The wave characteristic vanishes as the water pours into the Strait 
of Georgia. A similar phenomenon occurs in the south. Herlinveaux (1954a) 
has described the progressive tidal wave through Juan de Fuca Strait. This too 
becomes a hydraulic tide through the San Juan Archipelago. Thus the tides in 
the Strait of Georgia are separated from the ocean tidal impulses and are due 
solely to the volume of water pouring in (flooding) and ebbing out through 
the passages which have the hydraulic characteristics of weirs. The maximum 
current in these hydraulic flows occurs at about the same time as the mid-tide 
range in the Strait of Georgia, and slack water occurs at about the same time 
as high and low tide in the strait. 

Along the ocean coast the tidal range is about 11 feet and the diurnal 
inequalities are small. The inequalities increase along Juan de Fuca Strait to 
the inner end where they become so extreme that there are only two tides a 
day during 20 days each month. Through the southern passages the inequality 
is somewhat reduced so that there are always four tides a day in the Strait of 
Georgia. In the passage from the ocean the tidal range decreases toward the 
constrictions in the channels, but in the Strait of Georgia it is about 15 feet at 
the springs. 

Herlinveaux (1954a, b), studying the currents in Juan de Fuca Strait, 
where the salinity gradients are small, has shown that there are distinct velocity 
gradients. The tide ebbs and flows at all depths, but in the surface waters (to 
120 m. depth on the Canadian side and 30 m. on the United States side) the 
ebb is stronger and endures longer than the flood. In the deeper waters the 
flood movement is the stronger. This is a two-layer system in which the dominant 
streams tend to keep to the right in accordance with the Coriolis force. 

On the basis of tidal behaviour the Strait of Georgia may be divided into 
three regions as indicated in Fig. 6. In both the northern and southern regions 
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Fic. 6. Tidal regions in the Strait of Georgia. 


the tidal currents are rapid and turbulent. The advance of flood tidal waters 
is marked by violent tide rips and whirlpools which migrate 5 to 10 miles into 
the strait during the flood. As the tide turns to ebb, these tide rips retreat into 
the passages. These tide rips mark the boundaries between the stratified strait 
water and the homogeneous waters in the northern and southern passages. In 
the open central part of the strait the currents decrease uniformly from the 
northern and southern tide rips to the meeting place of the tides, just north of 
Texada Island (Canadian Hydrographic Service, 1952). Throughout this area 
the tidal currents are generally less than 1 knot and are not noticeably turbulent. 


Tasxe II. Tidal currents in the southern approaches to the Strait of Georgia. 


Boundary Pass Haro Strait Rosario Strait 
East Point Turn Point Burrows Island 
EBB (—) 
Duration (minutes ) 465 373 287 
Maximum velocity (knots) 5 6 5-7 
Average velocity (knots) 3.2 3.8 4 
Excursion (miles ) 24.8 23.6 19.0 
FLOOD (+) 
Duration (minutes ) 280 373 258 
Maximum velocity (knots ) 4 3 5-7 
Average velocity (knots) 2.5 1.9 4 
Excursion (miles) 11.7 11.8 30.5 
Net excursion (miles) +11.5 
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Fic. 7. The southern region and approaches of the Strait of 
Georgia. 


It has been observed that the ebb tidal stream is stronger than the flood 
through Boundary Pass and Haro Strait (Fig. 7) on the Vancouver Island side 
of the southern region. Conversely the flood is the stronger through Rosario 
Strait next to the mainland. The net tidal excursion through these three channels 
is shown in Table II. The average velocity (V) during a tidal phase, 


V oT ; max + 
is calculated on the assumption that the velocity is a sine function of time (La- 
Croix and Tully, 1954). The excursion is the miles of water passing a point in 
the strait during the tidal phase. The net excursion describes the resultant 
advance of the waters in the ebb (—) or flood (+) direction during a single 
tide cycle. 

It is evident that the net ebb (—) excursion on the west side of the archi- 
pelago is compensated by the net flood (+) excursion on the east. It is also 
evident that these rapid flows tend to keep to the right in accordance with the 
Coriolis force. No doubt the northern tides behave similarly, although there 
are no data to demonstrate the phenomenon in that region. 


WIND 


Hourly wind records are available from Entrance Island from 1930 through 
1939 (Department of Transport, 1896-1956). Analyses of these data show that the 
principal winds are longitudinal in the Strait of Georgia from the southeast 
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and northwest quadrants. The periods of calms and all other winds constitute 
less than 5% of the total, and are always light (average velocity less than 5 
miles per hour). Consequently they may be ignored. The average mileage of 
these major winds, and the total wind in each month through the ten years 1930 
to 1939 inclusive is shown in the first diagram of Fig. 8. The second diagram 
shows the particular data in 1931 and 1932, the years of the oceanographic 
studies. 

The average monthly data show that there is an annual cycle of total wind 
from a maximum in mid-winter to a minimum in summer. This is made up of 
two converse annual cycles of the major winds. Southeast winds are dominant 
in the winter, from mid-September to mid-April, and northwest winds are 
dominant in the summer. These cycles are compensating in that the north- 
westerly winds increase when the southeasterlies decrease; however, the mileage 
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principal quadrants, past Entrance Island in each month. 
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of the southeasterlies is about twice that of the northwesterlies, hence the 
southeast winds dominate the annual cycle. 

In the monthly data (1931 and 1932) the winter maxima of southeast and 
total wind are apparent but the features of the summer part of the cycle are 
obscured by the erratic monthly variations. 

One feature appears to be consistent in both diagrams. When one wind 
increases the other decreases. The variation is compensating in both the annual 
cycle and in the monthly variations. In only four intervals out of the twenty-four 
do both winds increase or decrease at the same time. 

The records show that strong winds and rough water are normal occurrences 
in the Strait of Georgia. The average wind velocities are of the order of 10 to 20 
miles per hour. However, because of the limited fetch, the seas seldom exceed 
1 m. (3 feet) in height. 

The principal effects of such strong winds are to transport surface water, 
and to cause mixing in the surface layers. These phenomena can be recognized 
but not assessed in the present data. 

The behaviour of wind-driven currents is explained in simple terms by 
Sandstrém (1919). It was also studied in a model by Tully (unpublished). In 
a non-rotating basin a circulation is established in which the surface flow is 
with the wind, and is compensated by a deep flow contrary to the wind. How- 
ever, in a basin rotating in the same sense as the northern hemisphere of the 
earth the surface transport veers to the right of the wind and follows along 
the shoreline. The compensating current approaches the surface and flows 
contrary to the wind along the left-hand shore. The circulation passes from 
deep-compensating to left-hand surface-compensating types as the rate of rotation 
increases. 

From local knowledge the situation appears to be intermediate in the Strait 
of Georgia. The winds and wind-driven currents are strongest on the right-hand 
side and much weaker, and at times opposite to the wind on the left-hand side. 
Hence it appears that the compensating currents may be surface or sub-surface, 
but in any case are strongest on the left-hand side of the wind direction. This 
suggests a cyclonic circulation around the basin. 

In the Strait of Georgia this is complicated by the tides, which contribute 
a cyclic reversing movement, and by the southern and northern passages which 
allow egress for the wind-driven waters at one end of the strait and a source 
of replenishment at the other. It is probable that during periods of southeast 
winds the surface waters tend to be flushed out the northern end of the strait, 
and during northwest winds the principal flushing occurs through Juan de Fuca 
Strait. 

The ellipsoidal circulation accompanying wind waves mixes the surface 
waters to the depth of wind influence. This tendency is opposed by stratification. 
The negative potential energy inherent in stratification must be raised to zero, by 
mixing the waters to homogeneity, before the vertical component of wave circu- 
lation can become established. Consequently if the stratification is regenerated 
(as it is in the summer by insolation and surface dilution with fresh water) at 
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an equal or greater rate than it is destroyed by wind energy, the depth of wind 
influence is limited by stratification. Thus the summer seas in the Strait of 
Georgia have the short steep waves characteristic of shallow water. When the 
stratifying factors are less than the wind forces (as they are in winter) the depth 
of wind influence increases to the limiting depth defined by energy transfer 
in a homogeneous medium (Sverdrup et al., 1942). Local knowledge indicates 
that in the winter the seas are longer than in summer probably because they 
involve greater depths of water. 


II. PHYSICAL PROPERTIES 
SALINITY 


The gradients shown in Fig. 9 illustrate the principal characteristics of 
salinity structure* in the central region of the Strait of Georgia between the 
northern and southern tide rips. These central waters are highly stratified. There 


3Tully (1953) has introduced the term “structure” to define the vertical distribution of 
temperature, salinity, and density in sea water. It has the virtue of being more specific than 
terms such as “distribution” or “occurrence” which imply horizontal or time relations as 
well as vertical. 
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Fic. 9. Characteristics of salinity structure in the Strait 
of Georgia. 


256 


is an upper, or surface, zone* of brackish water of salinity varying from 10% 
to about 20%. Below this is a boundary or transition zone in which a marked 
halocline separates the upper from the deep zone. In the deep zone the salinity 
increases more or less regularly from 28%o0 to about 31% at 400 m. depth. This 
structure has been discussed by Tully (1952) who showed that it represented a 
two-fluid system in which a layer of fresh or brackish water was moving over 
a body of sea water. 

The data from each of the four consecutive serial observations made at 
each station during the spring, summer and autumn surveys of 1932 were 
plotted as functions of depth as illustrated in the last diagram of Fig. 9. This 
representation indicated the level of salinity, and the range of variation at all 
depths during the period of observation, but obscured any relation with the 
tidal cycle. Furthermore, it was not possible to present the data in this much 


‘Tully in his discussion of the oceanography of Alberni Inlet (1949) and Doe in his 
discussion of the offshore waters of the Canadian Pacific Coast (1954) have used the term 
“zone” to designate the principal layers in water structure. The term has the advantage of 


being more specific in its reference than “layer” or “stratum” which are used variously to 
designate horizontal strata of any order. 


L APR 26 | ____M APR. 29 


m a3 0. To. 
~~ 29% : SALINITY  (%e) 
, ||] ~A HH Spring Cruise 
29s 295 ; ‘Tees 295 294 294 


e 7120 P MAY 5-6 
=r am 
reer ene ea 


~ |_il gape k 
°1S08 “3a? 30s Soa) 


Reference tide curve 


305 306 304 
1 APR 17-18 4H APR. 16-17 


LONG. 124° WEST 123° 22° 


Fic. 10. Salinities observed at successive tidal stages in the Strait of Georgia, spring, 1932. 





detail, and at the same time arrange it pictorially so that the data from the 
whole area could be viewed and appreciated in one Figure. To accomplish 
both objects the data from the upper 20 m. are presented as isohalines as shown 
in Fig. 10, 11 and 12. This presentation ignores the deep zone, which can be 
discussed separately because the range of properties is small and consistent over 
the whole area, The numerical values are available in the Data Record (Joint 
Committee on Oceanography, 1953). 

The figures show that in the central region between the northern and 
southern tide rips (Fig. 6) some degree of stratification is present in the upper 
zone at all times. In the southern passages (Stations H, I, J, R) and in the 
northern passages the waters are virtually homogeneous from surface to bottom 
with salinity 31 to 32%, but varying + 0.5%o through the day. This structure is 
evident in the Figures where the homogeneity of the water is indicated. 

In the regions of the southern and northern tide rips (Stations G, F, O) 
there occur both stratified structures characteristic of the Strait of Georgia and 
homogeneous structures characteristic of the passages. In these regions the 
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Fic. 12. Salinities observed at successive tidal stages in the Strait of Georgia, autumn, 1932. 


Figures show that maximum salinities are the same (or nearly so) from surface 
to bottom, but lower salinities occur only at the surface. 

The fresh-water discharge from the Fraser River is the dominant influence 
on the salinity of the upper zone in the central part of the strait. This zone is 
shallow and brackish, and the salinity is most variable in the immediate vicinity 
of the river mouth. With increasing distance from the river it becomes deeper, 
more saline, and less variable. 

During the summer of 1932 the upper zone was less saline than during the 
spring, and the influence of the Fraser River was apparent at greater distances 
from the estuary. Along the mainland the low salinity of the surface waters 
was about the same in spring and summer, but in summer the brackish waters 
were also apparent at Stations E and D across the strait. 

The late autumn was, in many respects, similar to the spring. The upper- 
zone waters of low salinity occurred only in the vicinity of the Fraser River, 
where they extended only to 4 m. depth. The structure became indistinct in 
the northern part of the strait and in the southern passages. The tidal variations 
were considerably less than in the summer. 
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The values shown at 20 m. depth in the Figures are indicative of the charac- 
ter of the deep zone. In general the range of tidal variation was less than 1%o0 
salinity, and the values were slightly higher in the summer (30 to 31%) than 
in spring or autumn (29 to 30%0). The deep zone appeared to be slightly more 
saline in the southern part of the strait than in the north, but this difference could 
have been due to the difference in the time of observations (late June to early 
August) rather than the difference of position. 

Hutchinson and Lucas (1931) observed that the homogeneous waters from 
the narrow passes in the north and south, and through the Gulf Islands, intruded 
into the Strait of Georgia during the flooding tide, and that the stratified water 
from the strait intruded the passes during the ebb. This observation was con- 
firmed at all the boundary stations (L, O, E, D, J, G) in these regions. However, 
in almost every case there appeared to be a daily cycle of variation, correspond- 
ing to the larger fall and rise of the tide. Evidently the intrusions during the 
small tide cycles were not sufficient to encompass the stations. This is a charac- 
teristic of mechanism which will be discussed later. 

Due to the constriction of the southern passages the tidal velocities increase 
to 4 knots or greater and the flow becomes turbulent. In the average channel 
of 200 m. depth the Reynolds number is of the order of 6 X 10°, namely 105 
times greater than the threshold of turbulence. In consequence of this turbu- 
lence, the waters are mixed to homogeneity vertically, although the salinity 
increases from the Strait of Georgia to seaward. This type of structure has been 
discussed by Rochford (1951) who shows that water is exchanged between a 
series of “top to bottom” cells of circulation. The properties of the water at any 
position in or near the passages may vary as the tide ebbs and floods because 
of the oscillation of the water mass. These waters are continuous with the lower 
zone in the Strait of Georgia (Fig. 10, 11, 12) (Redfield, 1950). 

It was anticipated that the ebbing waters would be mixed to homogeneity 
in the southern passages but would be less saline than the flooding waters from 
Juan de Fuca Strait. Stations R, I, and H were located at the seaward end of 
the southern passages to examine this possibility. As expected, the higher salinities 
were associated with high tide, and the lower salinities with low tide. The 
differences were of the order of 0.5%0 salinity as shown by the representative 
values in the diagram. In a column of unit cross-section area and of 200 m. 
depth this difference represents 3 m. of fresh water. At Station B, at the river 
mouth, the amount of fresh water contained in a similar column varies from 
2.52 to 3.66 m. with an average of 3.04 m. Evidently the volume of fresh water 
contained in the sea water is very nearly the same at the seaward end of the 
southern passages as at the Fraser River mouth, although it is differently dis- 
tributed in the water mass. 

Station J was located in the southern passages about 4 miles south of the 
southern region of most violent tide rips. Here the range of salinity was of 
the order of 1%o from surface to bottom and during the tidal interval from the 
end of the ebb (lower low tide) to the end of the flood (higher high tide). 
There was a small gradient of salinity at all phases of the tide but the whole 





260 


level of salinity changed slightly from low to high tide. Doubtless this represents 
an intermediate stage between the stratified structure characteristic of the Strait 
of Georgia, and the homogeneous structure farther south in the passages. Evi- 
dently the stratified water ebbs into the passages where it oscillates to and fro 
but persistently progresses seaward. Station J was located at the Strait of Georgia 
end where some evidence of stratification still persisted. 

Station G was located in the region of the tide rips on the mainland side 
of the strait. Here the stratified strait water appeared at lower low tide (end of 
the ebb) and was displaced by the homogeneous waters from the passages during 
the flood. These diagrams (Fig. 10, 11) show all stages of mixing. Station F was 
northward along the mainland side of the strait towards the Fraser River. Here 
the shallow upper zone, associated with an estuary, was apparent at lower low 
tide. This water had evidently undergone very little mixing. At higher high tide 
it was replaced by partially mixed water having a small salinity gradient but 
slightly less saline than the corresponding waters at Station G. At Station C, 5 
miles south of the estuary, the shallow upper zone was apparent at both low 
tides, but was replaced by partially mixed waters at both high tides. It is believed 
that the brackish water appearing at these Stations (G, F, C) between Rosario 
Strait and the Fraser River is not Fraser River water, but is due to local rivers 
along this part of the coast. This will be discussed in the section on Movement 
and Mechanism, where it will be shown that no Fraser River water occurs in 
this region. 

At Station B in the Fraser estuary there was an upper zone of brackish 
water present at all stages of the tide. It was deepest and freshest during the 
“long ebb” from high to lower low tide and shallowest during the high period 
from higher high tide through the small low. There is a distinct boundary zone 
at this station reaching to about 10 m. depth below which the small gradient of 
the deep zone is similar to that in the flood tide waters at Station C immediately 
south. 

There is an alternation of properties of upper-zone waters in the vicinity of 
the approach passages and the Fraser River during the tidal cycle. This corres- 
ponds to the alternation of water masses. It is greatest in the upper zone during 
the summer at the time of maximum discharge of the Fraser River. The range 
of variation of properties ,is small in the upper zone during spring and autumn, 
and in the lower zone at all times, not because the tidal movements are any 
less, but because the horizontal gradients of properties are small. 

Stations K, Q, P and M, northward of the Fraser River along the mainland 
side of the strait, show successive dilution of the upper zone by sea water, and 
consequent deepening. The muddy waters of the surface associated with the 
Fraser outflow occur between Stations K and Q but not beyond. The tidal 
variation of salinity at these stations is small, but the fresh water is slightly more 
apparent after the big rise (to higher high tide). This is contrary to the sequence 
in other parts of the strait, because here the north-flowing flood tide carries 
the fresher waters from the vicinity of the river into the region. 
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Fic. 13. Discharge of the Fraser River, precipitation at Vancouver, and the 
sequence of salinity structures at Station 1 through 1931, and at Station A 
during the 1932 surveys. 
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At Stations L and O at the northern end of the strait the more saline waters 
are apparent at higher high tide on a daily cycle. This corresponds to the cycle 
observed near the southern passages. Station O is in the region of the northern 
tide rips and shows an alteration of stratified and near-homogeneous water 
associated with the flood intrusion of mixed water from Discovery Passage. 

Stations N and A show less evidence of fresh-water influence than any 
other stations in the central part of the strait. There are no regions of turbulence 
separating these stations from the Fraser water and, as will be shown, their 
temperature characteristics are continuous with the other central stations. It 
may be reasoned that the water moving northward along the mainland side of 
the strait circulates around Texada Island and southward on the Vancouver Island 
side. This would imply that Stations K, Q, P, M, N, A (in that sequence) were 
in a line of flow and record the successive degradation of the vertical salinity 
gradient. 

Figure 13 shows the sequence of salinities observed monthly through 1931 
at Station 1. It also shows the salinity data observed at Station A during the 
1932 studies, as interpreted from observations made at the four successive tidal 
extremes through one day in spring, summer, and late autumn. These two stations 
were located 5 km. (3 n. mi.) apart in the central open water region of the Strait 
of Georgia. They are 30 km. (17 n. mi.) from the main (south) channel of the 
Fraser River, and a similar distance from the nearest approach channel through 
the Gulf Islands (Porlier Pass, Station E, Fig. 1). 

In Fig. 13 it is apparent that the dilution of surface waters to form a distinct 
upper zone commenced in March (1931), soon after the spring rise of the Fraser 
River. As the river discharge continued to increase the upper zone became 
fresher until maximum freshness was reached in mid-June. This brackish state 
persisted until early August and then waned with advancing season until evi- 
dence of fresh-water accumulation vanished in October. A second freshening of 
surface waters was evident in midwinter which was not associated with Fraser 
River discharge. Tabata and Pickard (1956) have shown that such midwinter 
freshening is associated with winter precipitation and the flood of the small 
coastal rivers. Figures 10 and 13 define the salinity structure but do not provide 
a quantitative measure of the dilution of the waters. The amount of fresh water® 
present in the upper and, lower zones at Stations 1 and A is shown in Fig. 14. 
The 1931 data indicate that the total fresh-water content of the strait is maximum 
in midsummer, soon after the peak of Fraser River discharge, and that it is almost 
entirely contained in the upper zone. Points representing the 1932 data from 
Station A are shown on the diagram. These suggest that the fresh-water content 


SAt any station the amount of fresh water present may be represented as the length of 
column of fresh water, of unit cross-section area, required to provide the observed average 
salinity (or dilution) in a column of homogeneous sea water having the same bottom (base) 
salinity (Tully, 1949). In this study the base salinity was taken as 31% which is representa- 
tive of the waters at about 50 m. depth in the Strait of Georgia. Waldichuk (1956) used 
a base salinity of 33.8% which is representative of the most saline waters observed at the 
seaward end of Juan de Fuca Strait. 
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Fic. 14, Discharge of the Fraser River through 1931 and 1932; fresh water 
content (metres of fresh water in a column of sea water of unit cross-section 
area) at Station 1 through 1931, and at Station A during the 1932 surveys. 


(stratification) was greater in the spring and autumn and less in the summer 
than during the previous year. These differences may be apparent or real. 

The once-monthly observations at Station 1, shown in Fig. 13, have been 
broadly interpreted as representing the typical monthly situation neglecting the 
hourly and daily fluctuations which later data have shown to be considerable. 
The first diagram of Fig. 15 shows the daily surface salinity observations from 
Entrance Island (near Station 1, Fig. 1) through the month of April, 1946. It is 
immediately evident that the data in Fig. 13 are within the range of daily 
fluctuation, and no particular significance should be attached to the lack of 
coincidence of these instantaneous data from successive years. It also follows that 
these monthly and seasonal data can only indicate the principal features of the 
salinity cycle. Comparison of conditions from year to year requires daily data. 
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Fic. 15. Daily salinity data from Entrance Island, in the Strait of Georgia, 

and the discharge of the Fraser River through 1946. Prior to November 

1936 there were no daily sea-water observations from Entrance Island or 

vicinity. These 1946 data illustrate a typical annual sequence of salinity. It 

may be assumed that the general features of the cycles in 1931 and 1932 
were similar. 
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The second diagram in Fig. 15 shows similar data, smoothed by sevens, 
through the year 1946. Comparison with the first diagram shows that the prin- 
cipal feature, the seasonal cycle of salinity in the upper zone associated with the 
Fraser River discharge, is real. Pickard and McLeod (1953) have shown that 
it is repetitive. There are variations in the occurrence (time) and degree of this 
surface freshening from year to year which can be assessed from daily observa- 
tions, but not from periodic observations such as shown in Fig. 13. 

The drainage area into the Strait of Georgia (Fig. 16) includes the surface 
of the strait, the islands, and the coastal slopes of Vancouver Island and the 
mainland, and the basin of the Fraser River which extends inland for 1500 
miles. Precipitation varies from 15 to more than 100 inches per year. Its annual 
cycle is illustrated by the data from Vancouver shown in Fig. 13. Precipitation 
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Fic. 16. Average annual precipitation in the Strait of Georgia 
drainage basin. 
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is at a minimum during the two late summer months from mid-July to mid- 
September, increasing to a maximum in the winter. 

The average annual precipitation in the Fraser River basin was compared 
with the precipitation in the whole drainage basin of the Strait of Georgia. 
From this study it was deduced that 80% to 85% of the fresh water entering or 
falling on the strait is supplied by this one river. The proportion is greater in 
June and less in the winter, but lacking discharge data of the small coastal rivers 
it is impossible to estimate their relative contributions. However, there is no 
doubt that the contribution of fresh water from this one river is considerably 
greater than from all other drainage into the strait, hence in considering the 
effects of fresh water all other sources are neglected. 


Fic. 17. Aerial photograph of the Strait of Georgia looking southeastward across the 
Fraser River delta, and showing the clouds of silted water in the vicinity. June 13, 
1950. (Courtesy B.C. Government, Air Division. ) 
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The British Columbia coast is a high mountainous region where winter 
snow storage plays a major part in regulating runoff. The permanent snow level 
is at about 5000 feet altitude, to which the snows recede in August, and they 
descend to sea level in January. Precipitation is greatest at the high levels but 
drainage does not occur until the spring thaws, so that all rivers commence to 
rise in late March, and the rivers draining the snow fields reach their maximum 
discharge in early June. This is particularly true of the Fraser River. 

British Columbia coastal climate at sea level is mild, and in the winter when 
precipitation is greatest it generally occurs as rain, Even if there is snow it seldom 
lies as long as a month (January). The land drainage at low levels near the 
sea closely follows the precipitation cycle and is greatest in the winter. 

Thus there are two periods of maximum runoff into the strait, one in early 
summer associated with the melting snows at high level, and a lesser maximum 
in winter associated with the peak of coastal precipitation. 

It is evident that the variation of salinity, at least in the upper zone, is 
primarily due to the dilution of the sea water with fresh water from precipitation 
and land drainage. Waldie (1950) showed the distribution of this fresh water in 
the strait. 

The nature of the discharge from the Fraser River is illustrated by the aerial 
photograph in Fig. 17. The muddy river waters are evident by the discrete 
cloud-like masses of silt which are most dense in the vicinity of the estuary. 
Beyond a 10-mile radius the silt is not visually apparent but the water generally 
has a greenish hue due to suspended material. 

The occurrence of these more or less discrete clouds of silt suggests that 
there is considerable irregularity in the lateral distribution of salinity in the upper 
zone. If this is so, then there should be considerable fluctuations in consecutive 
observations at any position as the waters circulate in the area. This conclusion 
is confirmed by the daily sea-water observations at Entrance Island (Fig. 15). 
The erratic day to day fluctuations of salinity illustrated in these data are 
attributed to the movements of the clouds of brackish water. 

The phenomenon is further illustrated in Fig. 18 by hourly observations of 
salinity at 2 m. depth at Station A. These data observed in midwinter when 
runoff was low, show that there was an erratic variation of salinity having no 
apparent correlation with tidal phase. 

There were no series of hourly observations of salinity structure in this 
region. However, the variation of salinity at positions removed some distance 
from water-mass boundaries was examined in other locations. Figure 19 shows 
data from Chatham Sound (Trites, 1953) at a position in the open seaway at 
some distance from the Skeena River, which is similar in this regard to the 
location of Station A in the Strait of Georgia. It is notable that there is no 
apparent correlation between salinity values at any depth and the tidal cycle. 
This observation is confirmed by four other 50-hour series in Chatham Sound, 
and one in the entrance to Nootka Sound on the west coast of Vancouver Island. 
Nowhere in these data, or in any other available data from a similar situation, 
has a clear correlation between tidal cycle and salinity variation been found. This 
general irregularity of salinity in open seaways near estuaries indicates that the 
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Fic. 18. Hourly salinity observations at Station A. 
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cloud-like dispersion of runoff waters is a general phenomenon. While their 
movements may be generally repetitive, the detail of their form, magnitude, and 
movement is so complex that it appears to be random. 

In the lower zone the salinity has a small gradient and in Fig. 13 appears 
to be nearly constant throughout the year. However, Fig. 14 indicates that in 
1931 the fresh-water content increased during the year to a maximum in October 
and then decreased towards midwinter. In 1932 the fresh-water content was 
least in summer and greatest in autumn and spring. It would appear that there 
is a tendency for some of the fresh water occurring in the upper zone during 
the summer to be mixed downward into the lower zone. From there it would 
probably be flushed slowly. Such a process would result in maximum fresh- 
water content in autumn and minimum in spring. 

The hourly series of observations (Fig. 18) indicates that the salinity at 150 
m. depth at Station A fluctuates much the same as at near the surface but 
with lesser amplitude. This is confirmed by the data from Chatham Sound (Fig. 
19). The corresponding data from the spring, summer and autumn observations 
at Station A in 1932 (Fig. 13) suggest that there might be a diurnal or tidal 
cycle of variation in the deep water. However, if there had been more than four 
observations, it is probable that the apparent cycle would have degenerated into 
random fluctuations as shown in the later Figures. 

These short-term fluctuations of salinity in the deep zone cannot be attributed 
to brackish water clouds, as in the upper zone. However, it is possible that they 
may be due to internal waves which Shand (1953) has shown exist in this region, 
and which Pickard (1954), in studying the adjacent inlets, has shown to have 
considerable amplitude. These would appear as random fluctuations unless the 
interval between observations occurred at multiples of the half-period intervals. 
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Fic. 19. Bi-hourly observations of salinity at Station 82 
in Chatham Sound July 5, 6, and 7, 1948. 


- MOVEMENT AND MECHANISM 


In order to appreciate the magnitude and distribution of the properties of 
the water in the Strait of Georgia, it is necessary to understand their movement 
and mechanism. 

The Strait of Georgia may be regarded as a deep estuary in the sense 
discussed by Tully (1949, 1952). It is an arm of the sea into which a river 
discharges forming a brackish upper zone, which moves persistently seaward, 
entraining sea water en route. The loss of sea water through the upper zone is 
compensated by the persistent advection of sea water through the lower zone. 
This circulation is a necessary condition for the characteristic salinity structure 
of the waters in the central strait. The tidal oscillations may be regarded as 
independent phenomena superimposed on this circulation, as having distinct 
circulation components, and as contributing to the velocity and turbulence at any 
place or time. 
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Fic. 20. Sequence of salinity structure and fresh-water 
content at Station B in the estuary of the Fraser River, 
August 1950 (Joint Committee on Oceanography, 1951). 


The mechanism of the Fraser discharge may be inferred from the salinity 
data at Station B (Fig. 11). The upper zone was freshest and deepest during 
the maximum ebb period of the tropic tides, and the cycle was daily, rather 
than semi-daily. Fjarlie made serial observations at two-hour intervals at the 
same station in 1949 (Joint Committee on Oceanography, 1951). Figure 20, 
constructed from these data, shows the cycles in more detail and confirms the 
earlier observations. Fjarlie also observed the salinity at a series of depths in 
the North Arm of the Fraser River, and the current velocities at surface and 
10 and 15 feet depth, every hour through a tidal day. These data are summarized 
in Fig. 21. Here it may be noted that sea water was present (intruded) in the 
river during the high tide period and was absent (flushed) from the river during 
the lower low tide period. Also the velocity cycle at all depths closely followed 
the cycle of tidal rise. However, the surface current differed from the deep 
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Fic. 21. Occurrence of sea water and current velocities 

in the North Arm (Iona Channel) of the Fraser River 

when the discharge was 2830 cu. m. per sec. (100,000 

cu. ft. per sec.) (Joint Committee on Oceanography, 
1951). 


current by % to % knot in the ebb direction. Fjarlie (1950) compared sea level 
in the Strait of Georgia (Point Atkinson) with the river level at a point 9.6 
miles upstream from the river mouth (Fig. 22) and showed that the direction of 
surface flow was attributable to their difference. Evidently the seaward end 
of the estuary was raised and lowered more than the upstream end by the 
flooding and ebbing sea water. Similar phenomena were observed by Tabata 
(1956) in the main (south) channel of the Fraser River. 

From these data and the work of Tully (1949) and Fjarlie (1950) the 
mechanism during a tropic tide cycle may by visualized as shown in Fig. 23. 
When the tide rises, water enters the river from the sea (Strait of Georgia). The 
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Fic. 22. Sea level in the Strait of Georgia (Point 

Atkinson) and at 9.6 miles upstream from the Fraser 

River mouth (Fraser Street). The differences of level 
regulate the currents in the estuary. 
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Fic. 23. Idealized sequence of flows and water- 
mass distributions in an estuary during a tidal 
cycle. 


sea water being the more dense, underruns the fresh river water forming a “salt 
wedge” which intrudes the river. At this time, the currents in the sea- and 
fresh-water layers are in opposite directions. The velocity in the sea-water layer 
diminishes toward the river, while the velocity of the fresh water diminishes 
seaward. Hence a “tide rip” (convergence ) forms at the point where the opposing 
flows are equal. Upstream from this boundary in the river the deep sea water 
moves in the flood direction, while the surface river water moves seaward with 





of 


fr 


fr 
th 


Ti 





alt 
nd 


yer 


ing 
iter 
rith 





273 


a velocity equal to the difference of velocity of the opposing streams. Seaward 
of the “rip” the flood velocity of the deep layer is greater than the surface fresh 
water velocity, hence the surface water moves upstream. In consequence, both 
fresh and sea water accumulate in the estuary as the tide rises. 

The boundary tide rip forms off the river mouth as the tidal rise commences, 
and advances into the river as the rate of rise increases. After mid-tide the 
boundary retreats seaward as the rate of rise decreases, and leaves the river 
when the rate of rise becomes zero at high tide. During the tidal rise there is 
little or no outflow from the river, hence the continuing fresh-water runoff 
accumulates in the estuary and the seaward tendency increases. Thus the 
surface flow wanes while the deeper flood movement continues until the last 
quarter of the tidal rise. Near the time of high tide, the rate of rise of sea level 
diminishes, the current in the intruding sea water wanes and at high tide becomes 
slack. In this period the boundary surface between the fresh and sea water 
adjusts isostatically towards the horizontal (Fig. 23,B). This results in a seaward 
acceleration of the surface waters so that the fresh water accumulated in the 
estuary during the rising tide is discharged. This is shown in the large difference 
between the velocity of the surface and deep waters during the half-tide interval 
(Fig. 21). During this time the discharge is virtually river water alone since 
the meagre ebb flow in the deep layer is not sufficient to flush this sea water 
from the river. During the long run-out the fresh and sea water are flushed from 
the estuary. 

This intrusion of sea water is aptly termed a “salt wedge” for, as shown by 
Tabata, the boundary layer between the intruding sea water and the fresh water 
is tilted downwards towards the river (Fig. 24). The intrusion of sea water is 
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Fic. 24. The boundary layer between the fresh water 
and the sea water intruding the Fraser River during the 
rising tide is tilted downwards toward the river (Tabata, 
1956). 
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retarded by friction with the opposing fresh-water flow. The shallowest sea-water 
stratum is dissipated by turbulence into the boundary zone. The next sea-water 
stratum is then exposed to shear and similarly dissipated in a further reach of 
the river. The process continues so that each deeper stratum intrudes farther 
than the one above it. Thus the maximum intrusion is along the river bottom. 
It is apparent that the principal discharge from the river occurs only when the 
fall of the tide is sufficient to flush the sea water out of the river (Fig. 21) and 
this depends on the total fall of the tide and the magnitude of river discharge. 

It has been shown that tidal flow in the river is directly dependent on the 
difference between the height of sea and river level (Fig. 22). Thus the tropic 
tide cycle implies a large intrusion associated with the large tidal rise, a small 
retreat and intrusion associated with the half tides, and a large run-out associated 
with the large ebb. During equatorial tides when the semi-diurnal tides are of 
small and nearly equal range, it is anticipated that the consequent intrusions 
and flushings would follow a similar pattern. Thus there would be a semi-diurnal 
salinity cycle in the estuary associated with equatorial tides. 

Fjarlie (1950), studying the North Arm, showed that when the discharge 
of the Fraser River (metered at Hope, B.C.) exceeded 200,000 cubic feet per 
second the meeting place of the tidal and river waters was outside the estuary, 
so that the flow in the river was always seaward. When the discharge was 
between 120,000 and 75,000 cubic feet per second, the tidal currents during 
the large rise of the tides were greater than the river flow, sea water intruded 
the estuary, the river flow was reversed and there was no outflow during the 
flood. However, during the half tides the outflow continued, but varied with 
the tidal phase. Thus during the periods of average river levels the discharge 
occurs as a diurnal outflow as indicated in Fig. 20. Tabata (1956) confirmed 
these conclusions in the main channel by showing that the period of sea-water 
intrusion varies with the tidal rise and inversely with the run-off, and he pro- 
posed similar limits of intrusion. 

Ford (1947) and Tully (1949, 1952) have discussed the nature of the 
fresh-water discharge from a tidal estuary into the sea. The greatest discharge 
occurs soon after high tide, and the momentum of the outflow is quickly dissi- 
pated by friction in the sea. The intermittent discharges tend to form distinct 

“cloud”-like bodies of fresh (brackish) water which float “free”, and are subject 

to the sea currents in the vicinity. In general they are carried away from the 
estuary. When their rate of departure is rapid a series of isolated clouds of 
brackish water is formed in the coastal circulation system, as observed by Ford 
(1947). When the departure is slow, or the area is restricted as in the Strait of 
Georgia, recent clouds tend to overrun previous ones. This structure is spectacu- 
larly illustrated by the aerial photograph of the Fraser estuary shown in Fig. 17. 
The occurrence of these more or less discrete clouds results in the noted irregular 
structures and considerable fluctuations of properties in the upper zone. 

In the absence of tide, the geostrophic forces consequent on the occurrence 

of fresh water at the estuary and denser sea water elsewhere in the strait would 
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tend to generate a current of brackish water moving northward along the 
mainland shore. 

Fjarlie’s studies (Joint Committee on Oceanography, 1951) included an 
aerial survey in the vicinity of the Fraser estuary at 2-hour intervals through 
a day of spring tides and a day of neap tides similar to those shown in Fig. 5. 
These photographs have been analysed to determine the distribution of muddy 
brackish water, associated with the Fraser River discharge, at four stages of the 
tide during a spring tide cycle as shown in Fig. 25. These, together with the 
data shown in Figs. 10, 11 and 12, permit an appreciation of the tidal movements 
of the surface-water masses in the southern part of the Strait of Georgia. 

During the falling tide, the Fraser discharge extrudes from the river mouths 
close along the mainland shore from Point Roberts to Point Grey. At low tide 
part of this discharge extends southwestward towards Vancouver Island (Station 
D) and a part migrates northward past Howe Sound. During the flood, the 
southern water is moved northward in mid-strait while the northern water 
continues northward along the mainland shore towards Station Q. At this time 
there is an intrusion of dark sea water from Rosario Strait northward along the 
mainland side separating the recent discharge from the river mouth. At high 
tide there are three bodies of silted water: one is in the southwestern part of the 
strait and is discharged through the Gulf Islands and southern passages during 
the following ebb; the second is in the vicinity of Station Q and progresses 
northward during the flood, but does not retreat during the ebb; and the third 
is in the river channels and over the tide flats and forms part of the river 
discharge during the following ebb. It appears that the fresh water influence is 
most apparent westward across the strait and northward along the mainland 
shore. 

Off the Fraser estuary the ebb tide flow is southward towards the southern 
passages (Boundary Pass, Fig. 7). Evidently the southwestward movement of a 
large part of the discharge during the ebb is the resultant of tidal and geostrophic 
forces. It would be anticipated that during a small ebb, or large discharge, the 
fresh water in mid-strait and along the Gulf Islands would lie farther northwest- 
ward than during the alternative extremes. This hypothesis offers a plausible 
explanation for the occurrence of low salinity water at Station A (Fig. 11) 
during the period of Fraser River freshet. 

The winds also have considerable influence on the distribution of these 
surface brackish waters. Ekman (1928) has shown that the transport of water 
tends to the right of the wind direction in the Northern Hemisphere. Thus during 
northwesterly winds there would be a tendency to transport the river water 
across the strait towards Vancouver Island. During southeasterly winds the 
transport would be northward, close along the mainland shore. 

The tidal mechanism in the approaches to the Strait of Georgia is similar 
in principle to that in the Fraser estuary. There are two water masses; the 
homogeneous waters associated with the turbulent approach passages, and the 
stratified waters associated with the central portion of the strait. 
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Fic. 25. Distribution of clouds of muddy Fraser River water in the Strait of Georgia 
at successive stages of a tropical tide cycle (Joint Committee on Oceanography, 


1951). (Photographs by courtesy of B.C. Government, Air Division. ) 
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During the flooding tide, the homogeneous waters appear at all stations in 
the passages (Stations I and H) and intrude the strait in the vicinity of Stations 
F, G, and J. They are more dense and underrun the upper zone in the strait 
which continues to have a seaward tendency. There is considerable shear 
between these water masses, and violent turbulence along the line where their 
opposing flows are equal. This phenomenon has been described in general by 
Tully (1949, 1952) and in Chatham Sound by Cameron (1948) and Trites 
(1953). As the flood increases, the boundary, marked by tide rips, retreats 
towards the river. The retreat is greater on the mainland side than on the 
Vancouver Island side in accord with the distribution of flood forces. The 
extent of the retreat and advance depends on the balance between river discharge 
and tidal intrusion. 

During the ebb tide both the upper- and lower-zone waters advance seaward 
and at low tide the lower salinity and stratified waters of the Strait of Georgia 
water become apparent in the passages, as at Station G (Fig. 11). There is a 
similar alternation of properties at Stations D and E which marks the reversing 
flow through the Gulf Island passages. The more saline waters are associated 
with the flood into the Strait of Georgia, and the less saline with the ebb into 
the channels adjacent to Vancouver Island. 

It is particularly noteworthy that highly saline water from Rosario Strait 
intrudes as far as the Fraser River. This observation is confirmed by Fiarlie 
(1950) who shows that the Fraser River water tends to move westward or north- 
ward. It does not move southward around Point Roberts or into Boundary Bay. 
The presence of stratified water in this region (Stations F, G, H, Fig. 11) is 
attributed to drainage from coastal rivers in the vicinity, or to recirculation of 
Fraser River water through several tide cycles. 

Both Stations L and O were adjacent to the northern passages. At Station 
O, the intrusion of homogeneous water from Johnstone Passage is evident during 
the flood tide, corresponding to the phenomena in the southern passages. The 
lack of such an intrusion on the mainland side of Station L appears anomalous. 
However, Tabata and Pickard (1957) showed that the stratified waters from 
Bute Inlet accumulate in this region and are carried past Station L during the 
ebb. The flood waters from the northern passages do not reach this position. 

Northward from the Fraser River along the mainland side of the strait the 
waters tend toward homogeneity. This degeneration of stratification continues 
in the sequence of Stations B, K, Q, P, M, and N, suggesting that these stations 
are in the line of flow. From Stations Q to M the lowest salinity occurs during 
the flooding tide, consistent with the greatest northward excursion of river waters 
during the flood tide. There is little or no evidence of tidal alternation of 
properties at Station N on the Vancouver Island side. In the most northerly 
stations (Q, P, M, N) the change of properties with tidal phase is small, in 
contrast to the southern stations (B, E, D, C) where the discontinuous cloud 
structure is evident. There is no reason to believe that there is any less tidal 
movement in the northern area; therefore it must be concluded that the lateral 
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distribution of properties is more uniform than in the vicinity of the river. This 
may be attributed to mixing, both lateral and vertical along the line of progress 
of the waters. 

It may be reasoned that a non-homogeneous turbulent stream (having 
lateral and vertical gradients of properties ) will tend toward homogeneity along 
its course (the line of flow). The process of turbulence may be visualized as a 
random exchange of elements of fluid across the stream lines in the continuum. 
Elements exchanged on isopycnal surfaces are stable in their new position and 
tend to remain there, subject to further random exchange. However, elements 
exchanged across isopycnal surfaces tend to be restored toward their original 
layers by the gravity forces associated with the density differences. Obviously 
there must be an exchange of mass between elements during the turbulence 
process, which contributes materially toward homogeneity. In the case such 
as this, where the non-homogeneities involve density differences, lateral homo- 
geneity must be attained more quickly than vertical homogeneity. 

The structure at Station A appears to be intermediate between the waters 
coming from the north (via Station N) and those coming directly from the 
Fraser River at Station E. Evidently this station is in the border region between 
the direct and indirect influence of the Fraser River. 

It is interesting to note that the lowest salinity at Station K, just north of 
the Fraser estuary (Fig. 11), occurs during the ebb when the waters are moving 
southward. The opposite condition would be anticipated. However, Fiarlie 
(1950) has shown that there is a counterclockwise circulation in this small area 
which results in the water moving around Point Grey into Burrard Inlet on the 
flood tide than out along the north shore past Station K on the ebb tide. 

From these considerations idealized charts of surface circulation may be 
deduced as shown in Fig. 26. The flood waters intrude through the southern 
passages and converge along the mainland side of the strait as far as the Fraser 
River. The strait waters are displaced northward, principally on the mainland 
side to the northern end. The northward movement is weak or non-existent on 
the Vancouver Island side. The flood tide from the north is strongest on the 
Vancouver Island side and creates a southward flow that is regularly observed 
as far as Cape Lazo (Canadian Hydrographic Service, 1952). No doubt this 
southward tendency inhibits the flood from the south. Thus there is a continuity 
of flow northward along the mainland side of the strait, around the northern 
end, and as far south as Cape Lazo. 

During the ebb, the course of the Fraser discharge is southwestward toward 
the Gulf Islands. It would appear that this is the resultant of the northward 
gradient tendency of the fresh water and the southward tendency of the tidal 
movement. Along the mainland side of the strait north of the Fraser River the 
southward ebb movement is negligible. The northward ebb movement increases 
toward the northern passages, carrying with it a considerable amount of stratified 
water. Along the Vancouver Island side the southward ebb is the dominant 
flow, increasing from Cape Lazo southward towards the Gulf Islands and Haro 
Strait. However, the ebb flow northward from Cape Lazo is small. Most of the 
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Fic. 26. Deduced surface circulation patterns during flood and 
ebb tide flows in the Strait of Georgia. 
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ebbing water into Discovery Passage appears to come from the central part or 
mainland side of the northern straits. 

Since the upper-zone waters progress persistently seaward, urged on by 
isostatic forces generated by the influx of fresh water from the river, it follows 
that the rate of flushing must depend to some extent on the river discharge. 
Tully (1949), who described this process in Alberni Inlet, also postulates that 
the rate of seaward displacement of the fresh-water fraction of the upper zone 
must equal the discharge of the rivers into the basin. Thus the amount of fresh 
water in the Strait of Georgia at any time is equal to the discharge of the river 
during the time required for fresh water to move through the strait. He also 
shows that the time for this displacement is inversely proportional to the river 
discharge. The salinity minimum occurs about 5 weeks after the peak of the 
Fraser River discharge. In the summer there should be about 5 weeks’ accumu- 
lation of fresh water in the strait. The low winter level of the river is about one- 
fifth of this maximum and it is estimated that there is about 25 weeks’ accumu- 
lation of fresh water in the strait in the winter. Although the fresh water is being 
flushed through the system most rapidly in the summer, it is most apparent 
because it is concentrated near the surface. This flushing rate has been more 
accurately estimated in Waldichuk’s (1957) study of the synoptic data. 

Daily observations of the salinity of the surface waters were made at high 
tide at Cape Mudge, the entrance to Discovery Passage, and at East Point, the 
entrance to Boundary Passage, throughout 1954. These data are summarized in 
Table III. It is apparent that the salinity at the northern outlet is consistently 
less than at the southern outlet. The water from the Strait of Georgia advances 
into these passages during the ebb flow, is mixed to homogeneity, and some of 
it returns to the strait during the flood. These daily observations made during 
the flood indicate the proportion of fresh water present in the passages. 
Evidently there is more fresh water in the northern passages. This does not define 


TaBLe III. Average salinity of the surface 
waters at the northern and southern 
ends of the Strait of Georgia. 


Month North South 


(1934) (Cape Mudge ) (East Point ) 
January 28.07 29.17 
February 28.25 29.06 
March 28.89 28.84 
April 29,32 29.33 
May 29.55 29.14 
June 27.27 28.52 
July 26.54 28.02 
August 26.57 28.20 
September 26.62 28.17 
October 27.97 28.68 
November 27.71 28.07 
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the relative escapement of fresh water, since the rate of exchange is not known. 
However, it does indicate that there is a greater accumulation of fresh water 
at the northern end of the strait, and it is probable that a considerable escape- 
ment occurs by this route. 

It has been noted that the fresh-water content of the lower zone increases 
through the year from a minimum in midwinter (January) to a maximum in late 
autumn (October-November) (Fig. 14). This behaviour is confirmed by the 
temperature of these deep waters which increases during this same period, and 
implies a slow downward transfer of upper-zone water during the summer period 
of growth and dissolution of the upper zone. During the winter (November to 
January) regeneration of the upper zone by river discharge or surface heating 
is at a minimum, the water mass becomes nearly homogeneous, and strong winter 
winds can cause mixing to great depths. At this time the upper zone vanishes 
and the water mass becomes very nearly homogeneous (isopycnal). It may be 
reasoned that downward transfer occurs in the winter, but is not apparent 
because the properties of the surface and deep waters are not distinct. 

The conditions of narrow salinity and temperature range, and delayed cycle, 
could be accomplished by slow mechanical mixing such as would result from 
the small currents observed by Pickard (1956) in mid-strait. Since the density 
gradient, resulting from the salinity and temperature gradients, is slight in the 
deep zone, it is probable that these small movements are sufficient to cause the 
degree of salt and heat transfer observed. 

There is another possible mechanism to account for the deep-water salinity 
and temperature cycle. The circulation system in the Strait of Georgia requires 
a persistent seaward transport of the upper-zone waters and a compensating 
transport of ocean waters. Both of these occur through the turbulent approach 
passages where the outgoing and’ incoming waters are mixed to homogeneity. 
Thus it is evident that a portion of upper-zone water incorporated into the deep- 
water mass is returned to the strait, and must attain a position in the deep zone 
consistent with its density. This would imply that the vernal freshening and 
warming would occur first in the surface waters of the Strait of Georgia, followed 
by a lesser change in the approach passages, and this would be followed by a 
still smaller change in the deep waters of the strait. 

Both of these mechanisms satisfy the observed sequence of events. It is 
probable that both processes occur to some degree, but their relative contribu- 
tions cannot be assessed in these data. Waldichuk (1957) favours the latter 
mechanism, with considerable support from synoptic data. 

It is evident from these data and discussions that the salinity of the upper 
zone is dominated by seasonal river discharge. The tidal variations of the salinity 
and, as will be shown, of the other properties, are greatest in the immediate 
vicinity of the river where cloud-like distributions exist, and decrease and 
become more uniformly distributed with distance from the river, They become 
large in the vicinity of the boundary passages, because there are different water 
masses present on alternate tidal stages. Since the water entering the lower zone 
is virtually homogeneous, and is protected by the upper zone against local 
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effects, it changes only with the character of the water in the northern and 
southern channels, and it is notably homogeneous in the whole strait. The 
seasonal and tidal variations of the other properties of the water, to be discussed 
hereafter, are consistent with these mechanisms. 


TEMPERATURE 


Figures 27, 28, and 29 show the distribution of temperature in the upper 
20 m. of the Strait of Georgia during the spring, summer, and autumn surveys 
of 1932. These temperature structures are generally similar to those of salinity 
inasmuch as stratification occurred throughout the central region in all seasons, 
and was absent or minimal in the turbulent approach passages. 
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Fic. 27. Temperatures observed at successive tidal stages in the Strait of Georgia, spring, 1932. 


The apparent increase of stratification from south to north in the spring 
survey was probably due to the time sequence of the observations, Figure 3 
shows that during the first survey the stations at the southern end of the strait 
(A to J) were observed while the water temperatures were at or near winter 
levels, while the northern stations (K to Q) were observed while the waters 
were warming in the spring. Thus it is probable that these spring temperature 
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observations include the progress of vernal heating, as well as the temperature 
distribution in the area. 

The summer data were observed during the period of near-maximum 
temperatures, and are probably representative of the general picture. The 
autumn data were observed after the principal autumnal cooling had occurred 
and were collected in a short period of time. In this survey, the southern 
stations were observed first, and the general temperatures might be presumed 
higher in the southern than in the northern part of the strait. However, the 
evidence (Fig. 29) shows that the stratification, though slight, is more apparent 
in the north, Therefore, this condition must be real. 
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Fic. 28. Temperatures observed at successive tidal stages in the Strait of Georgia, 
summer, 1932. 


This conclusion, coupled with the fact that the northern waters are warmer 
during the summer, suggests that they are also the warmer in the spring, although 
probably not to the extent indicated in Fig. 27. The temperature and thermal 
structures at Station A are synonymous with those at Station 1, and appear to 
be intermediate in character between those in the northern and southern part 
of the open strait. 
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Fic. 29. Temperatures observed at successive tidal stages in the Strait of Georgia, 
autumn, 1932. 


Figure 30 shows the 10-year average of the monthly means of daily surface 
sea-water temperatures observed at Entrance Island (near Station 1 and Station 
A) and at New Westminster, about 20 miles upstream from the Fraser River 
mouth. These data show, that, except during August and September, the Fraser 
River water is colder than the Strait of Georgia water. Recalling that the river 
water is confined to the upper zone in the strait, it becomes evident that 
the surface temperatures must increase to seaward from the river in spring and 
summer. This deduction is confirmed to some degree in Fig. 27 and 28 where 
the surface waters at Station B are shown to be colder than any others in the 
region. In the autumn, these waters (Fig. 29) were the warmest. 

The fraction of Fraser River water that moves southward towards the Gulf 
Islands and the southern passages is probably flushed from the strait sooner 
than the fraction that moves northward along the mainland coast and circulates 
around the strait. Consequently the northern water is exposed for a longer time 
to the dominant seasonal processes. In spring and summer, the dominant process 
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is heating, while in autumn it is cooling, hence the northern waters are probably 
warmer in summer and colder in winter than those in the south. 

As was noted in the study of salinity, the greatest tidal variations in tem- 
perature occurred during the summer in the upper zone of the central region. 
The changes were small and regular in the northern region. In these two areas 
there was no change in the lower zone temperatures with tide, indicating that 
the temperature was laterally constant at each depth. Near the southern passages, 
during the summer, the temperature of the whole water mass increased at the 
time of low tide when the warmer Strait of Georgia water intruded the area and 
decreased at high tide as colder water from Juan de Fuca Strait entered on the 
flooding tide. In spring and autumn there was no noticeable change of tem- 
perature during the tidal cycle. 

The heating and cooling processes (insolation, evaporation, conduction, 
etc.) appear to be very nearly constant over the Strait of Georgia. Thus in the 
central region, where the turbulence is small, the lateral distribution of tem- 
perature is fairly uniform. This was not so in the case of salinity because the 
dilution waters had localized sources. However, the heating and cooling processes 
have a wider range of variation with time than the processes controlling the 
salinity structure. 
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The central diagram in Fig. 31 shows the sequence of monthly temperature 
observations at Station 1 through 1931. Although these data show none of the 
detail, it is assumed that they illustrate the principal features of the annual 
cycles of temperature and structure in the central region of the strait. However, 
it is realized that there is considerable fluctuation of these properties, and it is 
probable that some of these instantaneous observations would record extreme, 
or transient, rather than representative conditions. The validity of the assumption 
was examined by comparing the values with monthly mean temperatures in 
nearby Departure Bay. Daily observations of sea-water temperature (t) at 1 m. 
depth have been made at Departure Bay (D) since 1914, and at Entrance 
Island (E) since 1937. These data were compared through 10 years, 1945 to 1955, 
and a linear relation was found: 


tr = 0.9 tp + 2.8 (to within + 0.6 Centrigrade degree). 


It is apparent that these data correspond in all major features, and the 
Departure Bay observations provide an index of conditions in the region round 
Station 1. The upper diagram in Fig. 31 shows the mean monthly temperatures 
in Departure Bay, corrected to Entrance Island. The temperatures observed at 
Station 1 were superimposed on the diagram. Evidently these instantaneous data 
correspond well with the averages except in April and July. Spring warming 
began about a month earlier, and the summer (mean) maximum was about 
2 degrees higher than indicated by the monthly data from Station 1. With these 
reservations, it is safe to assume that the seasonal cycle depicted in the middle 
diagram (Station 1) is representative of thermal conditions in this part of the 
Strait of Georgia. 

The dominant feature is the annual cycle of heating and cooling. At the 
beginning of the year (January) the waters were nearly isothermal at about 
8° C. The surface waters continued to cool, reaching a minimum, somewhat 
less than 8° C., in February. Thereafter the temperature rose through the spring 
as the days became longer than the nights, and a thermocline developed in May. 
It is probable that spring warming began in April but was so shallow as to be 
unstable until the end of that month. Distinct stratification became apparent in 
May and a warm upper layer was formed. This became progressively warmer 
(maximum 17° C.) but only slightly deeper (about 21 m.) till the end of August. 
This corresponds closely to the upper zone defined by salinity in Fig. 11. During 
the month from mid-September to mid-October the upper (warm) layer cooled 
quickly, and vanished in mid-October when near-isothermal conditions were 
restored. Thereafter cooling continued throughout the winter at all depths. 

The temperature of the deep waters increased slowly from a January mini- 
mum (about 8° C.) to a maximum (about 9.5° C.) in November. This was about 
3 months later than the surface maximum. 

This phenomena of successively delayed seasonal temperature cycles at 
successive depths were also observed in mid-ocean, at Ocean Weather Station 
PAPA (Lat. 50° N., Long. 145° W.) (Hollister, 1956), and is evidently a general 
phenomenon (Robinson, 1955). 
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The sequence of heating and cooling in the upper (above 25 m. depth) and 
lower waters is illustrated in the last diagram of Fig. 31. The heat content of 
the upper waters remained almost constant through the winter, increased from 
April to August, and decreased through the autumn to the winter minimum. 
This corresponds to the temperature cycle in the surface waters. The heat content 
of the deep waters reached a distinct minimum in January, increasing from then 
to a maximum in November, 3 months later than at the surface. Thereafter the 
heat loss was rapid through December and January. Considering the whole 
water mass, there was a more or less steady heat gain from January through 
August, and a general heat loss from then until midwinter. Between April and 
November the principal variations were in the upper zone, and during the cold 
months they were in the lower zone. 

It appears that during the winter (late November through March) the 
temperature-depth gradient is near isothermal or positive. However, it is doubtful 
if the water mass in the central region of the Strait of Georgia is ever truly 
isothermal. Autumnal gales destroy the halocline and thermocline, and mix the 
warm brackish waters to considerable depths. As cooling continues, convection 
currents tend to maintain the homogeneity of this deep isopycnal layer. However 
winter precipitation and coastal drainage re-creates the salinity gradients (Fig. 9) 
whose stability is equal to or greater than the instability implied in the positive 
temperature gradients. 

Winter observations between 1944 and 1948 showed that positive gradients 
are usually most apparent in January in the vicinity of the Fraser River outflow 
and the inlets, when air temperatures are minimum, and particularly if the 
weather is calm. They are least apparent along the western side of the strait in 
the vicinity of stations N, A, and 1. At this time, stability is a minimum and 
wind forces are maximum. When gales occur (30 to 45 miles per hour) these 
cold surface waters are mixed downwards as far as 100 to 150 m. depth. Below 
this the temperature increases to 8.3° C. at 200 m. and deeper. Thus heating 
and cooling processes involve the whole water mass. Figure 31 shows that the 
sequences of heat contents through this season were parallel. After the equinox 
the heat content of the upper waters increases, the temperature gradient becomes 
negative and an upper zone is formed. Heat is selectively stored here. Summer 
heating and cooling are limited to this upper zone as long as it exists, and are 
directly related to the atmospheric cycle. 

In general, the depth of the summer thermocline corresponds to the depth 
of the upper zone defined by the salinity. It is probable that this boundary 
defines the depth of partial wind mixing, and the absorption of heat in the silted 
waters. 

This summer thermocline is developed in the open waters of the strait, 
between the limits of the northern and southern tide rips. In this area the 
currents are small, and the winds are the principal mixing forces. Generally 
during the summer, from May to mid-September, the winds are less than Force 
3 (Monthly Record, Meteorological Observations in Canada) and the mixing 
forces are insufficient to destroy the stability inherent in the halocline and 
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thermocline. However in autumn, winter, and spring there are gales of sufficient 
force to mix the waters to depths greater than these boundary layers. It is prob- 
able that the thermocline period shown in Fig. 31 could not form before May 
(1931) because of such storms. The thermocline was destroyed by storms, one 
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in mid-September and one in mid-October. During the autumn the upper waters 
lose their heat to the atmosphere, the thermocline and the upper zone vanish, 
and the structure becomes continuous. 

Convection aids the upward transfer of heat in the sea and the atmosphere 
and opposes the downward transfer. Hence cooling is a more efficient process 
than heating, involves greater depths, and is more rapid. When the air in contact 
with the sea is colder than the water, it is heated. It expands and rises and is 
replaced by cold air, and so the convection process continues. When surface 
waters are cooled, their density increases, they sink, and are replaced by warmer 
waters from below. Thus when the upper medium is the colder (late winter) 
a free upward movement of heat must occur. When the air is the warmer it 
loses heat to the sea and contracts, forming a denser stable layer of air next 
to the sea surface, thereby effectively stopping further heat transfer. Warm 
water being less dense than cold water is stable at the surface, and remains there 
unless it is mixed downwards by wind or internal circulation. Downwards con- 
duction of heat has been shown to be notably inefficient. In protected lakes the 
seasonal heating does not reach below 10 m. depth (Lake Washington, Seattle, 
U.S.A.). 

The temperatures observed at 50 and 100 m. depth during the three surveys 
of 1932 are listed in Table IV. These data show that in the open strait (not in 
the passages ) where a summer thermocline is developed, the annual temperature 


Taste IV. Mean values of quotidinal temperatures observed at 50 and 100 m. depth in the 
Strait of Georgia during the spring, summer, and autumn surveys, 1932. 








Survey: Spring Summer Autumn 
Depth (metres) : 50 100 50 100 50 100 
Station Mean temperature ( °C.) 
A 7.8 7.8 8.6 7.9 9.0 9.4 
B 7.3 7.0 9.5 — 9.6 — 
c 7.0 6.9 9.1 9.2 9.5 9.3 
D _ aun odin ii — _ 
E 7.5 7.5 8.4 8.2 9.2 9.2 
F 72 1.3 9.5 9.3 9.4 9.2 
G 7.6 7.5 10.1 9.6 9.3 — 
H 7.8 — 10.4 — 9.3 — 
I 7.8 7.8 10.4 10.3 — — 
J 7.8 7.8 9.4 9.2 9.0 9.0 
K 7.6 75 9.4 8.5 9.4 9.2 
L 8.1 8.2 8.6 8.3 8.6 8.4 
M 8.0 tr 8.7 7.9 8.7 8.6 
N 8.3 8.0 9.1 8.1 8.9 8.8 
O 8.5 8.1 9.0 8.3 8.7 8.7 
P 7 7.6 8.3 8.2 9.0 9.1 
Q Tt 7.5 8.4 8.4 9.3 9.0 
R — — 9.5 9.2 — — 
S 





a= —- 9.2 8.8 —_— — 
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cycle in deep water is similar in every respect to that shown in Fig. 31. The 
minimum temperature, about 7.8° C., occurs in January, the maximum, between 
9° and 10° C., in November, and the temperature range is less than 2° C. In 
the southern passages (Stations G, H, I, J) the temperature range at 50 and 100 
m. depth is considerably greater (7.8 to more than 10° C.) than in the stratified 
regions, and the cycle appears to be approximately coincident with the surface 
temperature cycle. 

In the turbulent approach passages to the Strait of Georgia, it is apparent 
that the temperature properties of the water are consequent on the mechanical 
mixing, and represent the proportions of surface and deep waters, plus the local 
heating and cooling. 

The delayed warming of the deep water suggests that heat is transferred 
downward by transfer of water from the upper zone. This confirms the deductions 
made in the study of mechanism that there may be slow mixing due to small 
currents, or that surface warmed waters are returned to the lower zone after 
being mixed to homogeneity in the approach passages. The autumnal cooling 
of these waters is much more rapid than the summer warming, and is probably 
aided by convection. 

Sea water temperatures at 1 m. depth in Departure Bay, and the air 
temperatures, were recorded on thermographs during the period 1933 through 
1936. They have been analysed as shown in the central diagram of Fig. 32. The 
principal phenomena are the daily and seasonal cycles of temperature which 
are similar but not parallel in the sea and atmosphere. These vary in degree 
but not in form from year to year (Pickard and McLeod, 1953). In general the 
air temperatures are minimal in January, increase slightly to the end of March, 
more rapidly through June, then less rapidly through July and August. From 
mid-September the temperatures fall rapidly through October to winter levels 
in mid-November. 

During the spring and summer the air was warmer than the sea by day 
and colder by night. The fluctuations in maximum air temperature were closely 
followed in the sea after 1 to 5 days lag. However, during the autumn and winter 
the sea was the warmer and much more constant medium. 

The seasons in the sea may be critically defined in terms of these observa- 
tions (Fig. 31, 32). Winter may be designated as the period when diurnal 
heating does not raise the surface temperature above that of the lower zone. 
This state is stable from November through February when the air is consistently 
colder than the water. Through March and April the diurnal heating and the 
surface temperature increase so that a warm surface layer may be created by 
day and dissipated by night. This indefinite state may be designated as “spring”. 
“Summer” may be defined as the period when the surface temperatures are 
higher than those in the lower zone at all times. “Autumn” is the period corres- 
ponding to spring when the diurnal temperature range embraces the temperature 
of the lower zone. These classifications correspond to Tabata’s (1957) definitions 
based on energy transfer across the air-sea boundary. He defined “winter” as 
the period when there was a net heat loss from sea to air, “summer” as the 
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period when there was a net gain, and “spring” and “autumn” as periods of 
no net heat transfer. 

The nature of the daily temperature cycle is illustrated by the data in Fig. 
33. The air and water are warmed during daylight hours to a maximum about 
3 hours after the sun’s meridian passage. Thereafter they cool to a minimum 
at dawn. This diurnal heating, sometimes called “afternoon effect”, occurs in 
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Fic. 33, Examples of diurnal cycles of air and sea-water 
temperatures at Departure Bay. 


clear weather during summer and winter whether or not the air is warmer than 
the water. When the sky is overcast the phenomenon is reduced or entirely 
absent. The diurnal temperature rise is greatest in the air because its heat 
capacity is less (1/3000) than that of the water. A 1-degree temperature rise in 
the upper metre of the sea requires approximately the same amount of heat as a 
10-degree rise in 300 m. of air. 

The depth and nature of this diurnal heating are illustrated in Fig. 34 by 
the bathythermograph data observed in Chatham Sound (Fig. 19). In these 
it is apparent that there was considerable diurnal temperature variation to depths 
as great as 50 m. but this is neither regular nor cyclic. A casual examination of 
these and similar data showed that the heat content in the upper zone did not 
fluctuate appreciably. It is evident that during daylight hours the upper few 
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metres of water are warmed and that this heat is dissipated either through the 
water mass (by currents or wind mixing) or lost to the atmosphere (by sensible 
heat transfer or evaporation) (Tabata, MS). In the first case, the water tem- 
perature must increase from day to day. In the second case, the temperature 
would return to its former (night-time) level, or decrease. Both of these 
processes occur with irregular frequency. The former is dominant while the 
waters are warming and the latter when they are cooling. 
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Fic. 34. Data showing the sequence of temperature 
structures through one day at Station 81 in Chatham 
Sound, B.C. (See Fig. 19 for location. ) 


The subject of heating in the sea and heat exchange between the sea and 
atmosphere is reviewed in “The Oceans” (Sverdrup, Johnson and Fleming, 1942). 
During daylight hours radiant energy from the sun reaches the earth. A small 
part is expended in heating the atmosphere, and the remainder reaches the land 
and sea, The sea is to some extent a dark body (Fig. 17, 25) which absorbs 
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almost all the radiant energy in the upper few metres of depth. This is the 
principal mechanism of heat gain. The secondary mechanisms include radiation 
from the sky, and from clouds. Heat is lost by back radiation from the sea, by 
sensible heat transfer to the atmosphere, and. by evaporation. During daylight 
hours, both the heating and cooling processes occur; at night only the cooling 
processes remain. Noting the regularity of diurnal heating, it is evident that the 
heating processes are generally ascendant during daylight hours. 

The amount of heating depends primarily on the amount of radiant energy 
reaching the sea surface. This reaches a daily maximum at noon and a seasonal 
maximum in the summer, hence there are daily and seasonal cycles of temperature 
in both sea and air; however, the incident energy is greatly restricted by cloud 
cover. Mosby (1936) studied these phenomena and derived a formula for their 
expression. Using this, the total incident ene rgy and the incident energy corrected 
for cloud cover were calculated through 1936 as shown in the first diagram of 
Fig. 32. It is evident that the deviations of air and surface sea-water temperature 
from the incident energy cycle are primarily due to cloud cover which is greater 
in spring and early summer than in the autumn. Because of this, the period of 
maximum heating occurs after midsummer. This lag is reflected in the air and 
water temperatures which reached a maximum at the end of July. In 1936 there 
was a period of heavy cloud cover during the first part of July; during this time 
the air and water were cooled and no doubt the ultimate maxima were lowered 
because of it. However, similar phenomena occurred in the other years 1933 to 
1936, and Pickard and McLeod (1953) in reviewing data through the period 
1936 to 1950 observed that the temperature maxima occurred in August. There- 
fore, it must be concluded that heavy cloud cover and attendant loss of insolation 
are normal climatic features through the spring and summer in this area until 
the middle or end of July. As the sea is warmed the efficiency of the cooling 
processes must increase. That is, the vapour tension and consequent evaporation 
must increase with rising sea and air temperature. Ultimately the heating and 
cooling processes must reach equilibrium imposing a maximum limit on the 
temperatures that may be attained. Since the air and sea temperatures are always 
less than the possible maxima, and the weather becomes progressively finer after 
midsummer, it is logical that the temperatures should remain at a maximum or 
increase for some time after midsummer, even though the period of maximum 
insolation has passed. 

The close correspondence of the available energy and the surface sea-water 
temperature in these data indicate that the surface sea-water temperatures in 
the central region of the Strait of Georgia are determined almost entirely by 
local heating and cooling. The advected waters do not noticeably affect the 
relation. It follows that the intruding waters must be in thermal equilibrium 
with the zones they intrude. It has already been shown that such distribution 
is consistent with the salinity of the waters. Therefore the temperature-salinity 
relations of the intruding waters must be the same as those already in the Strait 
of Georgia and the circulation patterns must be steady so that the processes of 
mixing and heating may proceed at uniform rates. This conclusion is demonstrated 
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in Fig. 35 which shows the data observed during the summer survey (1932) 
when the temperature and salinity ranges were greatest. The relation at all the 
boundary stations is the same during the flood (intrusive) and ebb (extrusive ) 
periods of the tide, and is consistent throughout the whole area. 


TEMPERATURE - SALINITY RELATIONS 
SUMMER CRUISE 
1932 


Fic. 35. Temperature-salinity relations in the Strait of Georgia during the summer survey, 
1932. ’ 


The range of diurnal heating in the air and sea is shown in the last diagram 
of Fig. 32. It is evident that aside from a general tendency for the heating to 
be greatest in summer and least in winter there is no good relation with tem- 
peratures of the media or available energy. Notably the incident energy was 
minimal through November and December, and the temperatures decreased 
regularly, yet the diurnal heating in both media remained large. This occurred 
at a time when the water temperatures were generally higher than the air 
temperatures. Evidently some other processes are important in determining 
the daily range of temperature. Waldichuk (1957) shows that evaporation is 
a major feature of the heat budget and is quite variable over the area. 
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Local and short-term temperature fluctuations are common, particularly in 
the surface waters during the summer. In the vicinity of the Fraser River these 
may sometimes be associated with the clouds of silted waters. At other locations 
they may be associated with local upwelling or water-mass boundaries (Thomp- 
son and Miller, 1928). Variations of 1 to 2 degrees have been noted in distances 
of the order of 10 m. where there is no visible evidence of disturbance of the 
water mass. 

The silt burden of the waters near the Fraser River imparts a light colour 
(Fig. 17, 25) so that they reflect more energy than the darker, non-silted waters. 
In consequence it is presumed that heating in the silted areas would be less 
efficient than in the areas of clear water. 

Most day to day temperature fluctuations appear to be associated with 
cloud cover. However, strong winds cause mixing of surface and deep water 
which results in lowered surface temperatures during the summer, and higher 
temperatures during the winter. Deep waters upwell when the wind is offshore, 
and surface waters accumulate when the wind is onshore. The local variations 
of these themes are too detailed and complex for this general study. 

The temperature varies with season independent of salinity, and unlike 
salinity, heat is freely exchanged between the surface waters and the atmosphere. 
Therefore temperature is not truly a property of the surface waters, but rather 
a state of these waters depending on the direction and rate of heat exchange. 
However the lower zone is insulated from this process by the upper zone and 
the temperature is primarily determined by the temperature of advected waters. 
Therefore in the deep zone temperature may be regarded as a property. . 





III. PLANKTON 


The concentrations of respiratory constituents of sea water (dissolved 
oxygen, and carbonate-bicarbonate as reflected by the pH) and the nutritients 
(dissolved nitrates, nitrites, phosphates, and silicates) are closely related to the 
phyto- and zooplankton concentrations. Therefore a brief description of plankton 
occurrence is in order as an introduction to the following sections. 

The basic form of life in the sea is the phytoplankton of which the micro- 
scopic single-celled diatoms occur universally, Hutchinson, Lucas and McPhail 
(1929) and Gran and Thompson (1930) observed the plankton in the Strait of 
Georgia and noted that as the waters warmed in spring (April) great blooms 
of phytoplankton occurred between the surface and 10 m. depth in the upper 
zone. This corresponds to the euphotic zone in this area. At this time, the water 
takes on a murky brown appearance, quite different from the usual clear green 
or dark grey sea water, or the grey silt characteristic of regions near the Fraser 
River. During the summer, from May till mid-September, the plankton blooms 
are not generally apparent in the central regions of the strait, although local 
blooms have been noted in the vicinity of the approach passages. There is usually 
a second short-lived bloom in early autumn, about the end of September. There- 
after, through the winter there is little or no phytoplankton in the Strait of 
Georgia. 
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In general, a bloom of phytoplankton contains very few species and endures 
for about a week, after which the individuals die and sink slowly. Large blooms, 
such as occur in spring, usually contain successive blooms of different species. 
Hutchinson and Lucas (1931) charted the summer distribution of phyto- 
plankton in the Strait of Georgia (Fig. 36). They noted that as the waters 
warmed in the spring great blooms occurred. There was a dearth of diatoms 
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Fic. 36. Distribution of phytoplankton in the Strait of Georgia, 1929. (Reproduced from 
Hutchinson and Lucas, 1931.) 
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at the surface in the vicinity of the Fraser River where they increased to a 
maximum at depths between 5 and 10 m. and decreased rapidly below 10 m. 
Proceeding radially seaward from the river mouth the phytoplankton population 
increased to a maximum at a distance of 38 to 55 km. (20 to 30 n. miles). In 
that region the plankton maximum was at the surface and the population was 
fairly constant to a depth of 8 m., below which it rapidly decreased. Northward 
and southward of these areas the plankton growth was less plentiful. 

The zooplankton (minute animal) life customarily exists below the phyto- 
plankton layer. Some of it is in contact with the phytoplankton stratum feeding 
on the living forms, and some exist at considerable depth feeding on the settling 
dead plants, or each other. 


IV. THE RESPIRATORY CONSTITUENTS 
RESPIRATION 


In the presence of light and suitable temperature and salinity conditions 
the phytoplankton blooms, taking carbon dioxide from the water and releasing 
oxygen as the plants synthesize carbohydrates and fats, 


n CO. +nH.O — C, Ha» O, + nm Oz. 
The reverse respiratory process occurs in the zooplankton, which utilize the 
oxygen and release carbon dioxide. When these two forms of life exist together, 
they complement the respiratory needs of each other, but when separated their 
respiratory products may accumulate. 

The references showed that in strata where there were great blooms: of 
phytoplankton the concentration of dissolved oxygen increased to high values, 
and super-saturation was common, particularly during calm, sunny weather. 

After death the phytoplankters sink slowly, undergoing decomposition. This 
process requires oxygen, and a stratum of low oxygen concentration is frequently 
found below the phytoplankton layer. In some regions, as noted by Carter 
(1934), the deep waters are stagnant and all the oxygen is utilized in this 
decomposition process. Hence lack of oxygen is frequently recognized as a 
criterion of stagnation. 

During the winter there is little phytoplankton. The zooplankton is reduced 
so that the oxygen demand is small. At this time, the solubility of oxygen is 
greatest because the water is cold, and surface aeration is most efficient because 
the winter storms cause large waves which entrain air bubbles in the water. 

Gran (1931) and Harvey et al. (1935) have said that the concentrations of 
dissolved oxygen and carbon dioxide vary in consequence of these respiratory 
processes. The oxygen concentration is readily measured. On the other hand, 
the carbon dioxide determination is quite tedious and this constituent is usually 
assessed from the hydrogen ion concentration (pH). This is possible because 
carbon dioxide (CO.) exists in the sea as carbon dioxide or carbonic acid 


(H.COs;), as bicarbonate ion (HCO™ ), and as carbonate ion (CO, ): 
CO; + HO HCO; + OH™ 


HOO, + HO = 4H,OO, + OH 


H.CO; HO + CO; 
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a where the concentration of the constituents is in equilibrium (Thompson and 
n. Robinson, 1932). Thus sea water is normally slightly basic with a pH of about 
on 8.0. However, when carbon dioxide is utilized some carbonate and bicarbonate 
In react with the water to restore the equilibrium, and form more hydroxy] ions 
as in the process. Thus the water becomes more basic and the pH rises, This occurs 
rd during the photosynthetic process when carbon dioxide is being utilized and 

oxygen released, and is associated with high pH values. When carbon dioxide 
0- is being released to the water, as in the respiration of plankton, the reverse 
ng process takes place and the sea water becomes less basic. Thus pH values less 
ng than 8.0 are associated with oxygen consumption. 


DissoLVED OxYGEN 


The observed concentrations and distributions of dissolved oxygen are shown 

in Fig. 37, 38 and 39. In general, the concentrations are high (9 to 10 mg./I.) 

ns in the upper zone and decrease to 5 or 6 mg./l. between 100 m. depth and 

ng the bottom, but never fall below 4.4 mg./I. in any part of the area. This minimum 
value occurred between 100 and 200 m. depth in the central region. 
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Fic. 37, Concentrations of dissolved oxygen observed at successive tidal stages in the Strait 
of Georgia, spring, 1932. 
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Fic. 38. Concentrations of dissolved oxygen observed at successive tidal stages in the Strait 
of Georgia, summer, 1932. 


The continued presence of moderate to high concentrations of oxygen in 
these deep waters throughout the year indicates that they are not stagnant. It i 
is assumed that the circulation is slow, and that vertical exchange during the 
winter months may be important. 

The tidal variation is small and regular in the northern region, as would ( 
be expected from previous discussions, while in the central region the variations ) 
are large and erratic, indicating that the cloud structure noted in the salinity 
also occurs in the oxygen distribution. In the extreme southern region the , 
concentration is more or less constant from top to bottom at 8 to 9 mg./l. The 
oxygen concentration in the mixed waters of the southern passages is somewhat 
lower (7 to 8 mg./l.) consistent with the intermediate waters of the strait. : 
Opposite these passes and near the channels through the Gulf Islands the lower 
concentrations are apparent on the high tides as the mixed waters intrude during , 
the flood. Conversely the high concentrations associated with the strait waters 
are carried to these positions during the ebb, and are evident at low tide. 
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Fic. 39. Concentrations of dissolved oxygen observed at successive tidal stages in the Strait 
of Georgia, autumn, 1932. 


in The annual oxygen cycle is illustrated in the monthly data from Station 1 
It in 1931, shown in Fig. 40. In the summer the oxygen concentration was high 
ne (9 to 10 mg./l.) in the whole of the upper zone, but was highest and super- 
saturation was frequent in the regions associated with maximum phytoplankton ' 

ld concentration. Immediately below this maximum there was a sharp reduction 
ns to about 8 mg./l. or less in the upper part of the lower zone. Below this the 
ty concentration decreased regularly with depth to about 6 mg./l. at 100 m. depth. 
he It decreases, but never falls to 4 mg./l. at the bottom (Joint Committee on 
he Oceanography, 1953). 

at At Stations A, K, and O oxygen minima occurred immediately below the 
it. maxima on particular phases of the tide, and may be associated with local 
‘er clouds of plankton development. In general, this minimum was suppressed and 
ng appeared only as a discontinuity in the oxygen gradient. Examination reveals that 
ors the oxygen discontinuity was in the lower zone, and several metres below the 


corresponding boundary zone defined by salinity (Fig. 9). 


in metres 
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Fic. 40. Concentrations of dissolved oxygen observed at Station 1 
through 1931. 


During the autumn, the oxygen concentration decreased at all depths, 
ranging from 8 to 9 mg./l. at the surface to about 4 mg./l. (Joint Committee 
on Oceanography, 1953) in the depths. This marked decrease is attributed to 
the oxygen demand inherent in the decomposition of the plankton blooms and 


the uniform gradient betokens the mixing of the surface and deep waters. 
There is a corresponding decrease of oxygen in the southern passages so that 
the tidal variation in the border stations still shows the alternating influence of 
the southern and central waters. However, in the remainder of the strait the 
tidal variation is small and regular. 

During the winter it may be presumed that oxygen is supplied by surface 
aeration and deep mixing caused by the strong winter winds, because in the 
spring the oxygen concentration was higher by about 2 mg./]. at all depths over 
the whole area. Otherwise, the distribution and variation are similar to those 
of the autumn. 


Hyprocen Ion 


The observed values and distributions of pH are shown in Fig. 41, 42 and 
43, and the seasonal cycle is shown in Fig. 44. In the summer the pH was high 
(8.5) in the upper zone of the central and northern areas, with maxima (8.8) 
occurring in the localities associated with high oxygen (Fig. 37) and high 
phytoplankton (Fig. 36) concentration. Immediately below these maxima the 
pH fell to levels between 7.8 and 8.2 just underneath the boundary layer. Here, 
the decrease corresponded to discontinuities in the oxygen gradient. Below this 
the pH generally decreased to 7.8 at 100 m. depth and was constant from there 
to the bottom (Joint Committee on Oceanography, 1953). 
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Fic. 41. Values of pH observed at successive tidal stages in the Strait of Georgia, spring, 1932. 
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Fic. 42. Values of pH observed at successive tidal stages in the Strait of Georgia, 
summer, 1932. 
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Fic. 43, Values of pH observed at successive tidal stages in the Strait of Georgia, 
autumn, 1932. 
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Fic. 44. Values of pH observed at Station 1 through 1931. 
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Fic. 45. Scatter diagram showing the relation of dissolved oxygen 
concentration to pH in the Strait of Georgia, 1932. 
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The pH of the Fraser River water in the summer is 7.8 to 8.4 (Wright, 1951) 
but there is little or no phytoplankton in the immediate vicinity of the estuary, 
probably because of the silt. At times the pH of the surface waters at Stations 
B and K was low, but below the level of river influence the normal pH distri- 
bution in the sea water was apparent. 

The mixed waters of the southern passages and passes through the Gulf 
Islands have a pH of 7.9 to 8.0 at all depths and these values were evident in 
the boundary stations at high water, being replaced by the characteristic central 
region values at low tide. 

As with the other properties, the tidal variation of pH was greatest and 
erratic in the upper zone of the central region, moderate and regular in the 
northern region, and exhibited very little variation in the deep zone. During 
the autumn the pH of the upper zone fell to values between 8.0 and 8.3 while 
in the deep waters it continued between 7.8 and 8.0. This gradient becomes 
even less in spring when the pH range was from 7.9 to 8.1 and the common 
value was 8.0 over the whole area. 

It is evident that both the seasonal and tidal cycles of pH are similar to 
those of dissolved oxygen concentrations. The colorimetric measurement of pH 
is a much less sensitive test than the analysis for dissolved oxygen, and as carried 
out in these surveys the former should be regarded only as a qualitative indication 
of the carbon dioxide content of the water. However, the correspondence of 
the two tests is shown by the scatter diagram in Fig. 45. This suggests that the 
relation is direct and that the range of pH values at high and low concentrations 
of oxygen is limited by the buffer action of the sea water. 


V. DISSOLVED NUTRIENTS 
NurrieNT CYCLE ; 

The phytoplankton requires for its growth the following dissolved nutrients: 
nitrates (NO,), phosphates (PO[), and silicates (SiO>). As the phytoplankton 
grows these constituents are utilized and withdrawn from the water. Growth 
usually stops when one of them is reduced to such a low level (threshold level) 
that it cannot be extracted from the water by the plants (Cooper, 1933). When 
the plants die and decompose while sinking, these nutrients are released into 
the water, first as organic compounds which then decompose to inorganic com- 
pounds and become available for re-use (Sverdrup et al., 1942). However, in 
sinking they are released in deep water where plant growth does not occur, 
since it is below the euphotic zone. Thus, during the summer nutrients are 
withdrawn from the upper zone and released in the lower zone and, since 
these waters are not mixed by the light summer winds, the upper zone becomes 
and remains deficient in nutrients until the deep rich waters are mixed with 
the surface waters by the strong winds of autumn and spring, or by the turbu- 
lence in the approach passages. 

The concentrations of nutrients are independent of salinity. Nevertheless it 
is common to find an apparent relation because the highest concentrations are 
usually associated with the deep saline waters, rather than with the brackish 
waters of the upper zone. 
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NITRATES 


Some nitrates were observed during the spring cruise (1932) but this test 
was abandoned because it could not be completed in the time available for 
analyses between observations, However, the seasonal cycle of nitrate concen- 
trations at Station 1 was observed as shown in Fig. 46. 

The nitrates in the upper zone were totally utilized during the spring phyto- 
plankton bloom. These were not replenished during the summer because the 
deeper, nitrate-rich water was not mixed into the density-stable upper zone by 
the light summer winds. The phytoplankton concentration is characteristically 
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Fic. 46. Dissolved nitrates observed at Station 1 through 1931. 


small during this period (Gran, 1931). The nitrates were returned to the surface 
when the stronger autumn winds occurred and mixed the upper and deep water, 
and this occurrence coincided with the autumn plankton bloom. This correlation, 
together with the observation that neither phosphates nor silicates were depleted 
below known threshold concentrations, suggested that the absence of dissolved 
nitrates was probably one of the limiting factors in plankton growth in the 
Strait of Georgia. 
NITRITES 

When organic material decomposes, its nitrogen is first released as organic 
compounds which further decompose to form nitrites; these in turn may be 
oxidized in the environment to nitrates, thereby bringing the nitrogen into 4 
form again available for plant growth. This process is not well known and is 
probably bacteriological. It has been noted that nitrites accumulate in stagnant 
regions where the oxygen concentrations are low (Carter, 1934). 

Nitrites were observed sporadically during the 1932 survey, but since there 
was no evidence of stagnation in the main Strait of Georgia area they wet 
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regarded as being of passing interest only. However, the annual cycle of nitrites 
observed at Station 1 (Fig. 47) confirms the deductions made from the dissolved 
oxygen studies regarding the decomposition cycle. The Figure shows zero nitrite 
concentration in the upper zone during the summer, confirming Fig. 46. But 
there was a maximum concentration immediately below the euphotic zone 
corresponding to the decrease in oxygen concentration. Evidently this marked 
the region of active decomposition where nitrites were being released. Below 
this the nitrites decreased as the nitrates increased, indicating the oxidation of 
the decomposition products. The occurrence of nitrites in the upper zone during 
autumn and spring probably corresponds to the death of several plankton blooms 
from other causes such as temperature or salinity changes. 


Apr. Moy June July Aug 
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‘1c. 47. Dissolved nitrites observed at Station 1 through 1931. 


INGRGANIC PHOSPHATES 


The distributions and tidal variations of dissolved inorganic phosphates are 
shown in Fig. 48 and 49, and the seasonal cycle is shown in Fig. 50. 

During the spring the phosphate concentration in the Strait of Georgia ranged 
from 100 to 200 mg./cu.m. from the surface to a depth of 100 m. The concentra- 
tions decreased in the upper zone during the summer months, particularly in 
the central and northern regions of the strait where stratification was pronounced. 
In the southern region the low phosphate content occurred only in the upper 
1 to 2 m. of surface waters, while in the southern passages the waters were 
thoroughly mixed resulting in fairly constant phosphate values (160 to 165 
mg./cu.m.) from the surface to 100 m. depth. Throughout the strait the phosphate 
concentration of the lower zone during the summer was greater than during 
the spring. 

At no time during the summer did the phosphate concentration approach 
zero, The lowest values (35 mg./cu.m.) occurred in the upper zone in the regions 
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Fic. 48. Concentrations of dissolved inorganic phosphates observed at successive tidal stages 
in the Strait of Georgia, spring, 1932. 


of maximum plankton growth, It appears that phosphates were not a limiting 
factor, since Atkins (1926) shows that phosphate concentrations fall as low as 
5 to 10 mg./cu.m. in the English Channel at the time of plankton growth. 

The tidal variations in phosphate concentration may be anticipated from 
the previous discussions. In the southern passages the stations were alternately 
exposed to the mixed and stratified water. In the central region there was the 
usual evidence of erratic variation signifying the occurrence of clouds of high 
and low phosphates. In the northern region the variations were moderate and 
regular, associated with the small horizontal gradients. 

In the autumn the tidal variation persisted probably because the nutrient 
removed from the water by the plankton was not fully restored to the upper 
zone by wind mixing. In the spring, the tidal variation was small because the 
phosphate, aside from the gradient of increasing concentration away from the 
river, was more or less uniformly distributed. 

In the deep zone there was little or no variation at any time of the year, 
and the concentration was high. 
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Fic, 49. Concentrations of dissolved inorganic phosphates observed at successive tidal stages 
in the Strait of Georgia, summer, 1932. 


TaBLE V. Indication of the close agreement in the concentrations of dissolved inorganic 
phopshate observed during the surveys, and observed by the University of Washington 
at corresponding stations in the summer, 1932. Positions of the stations are shown in 
Fig. 1. 


‘Station 2316.2 _ Station R (authors) Station 2318.1 ‘Station H (authors) _ 
(U. of W.) 29 July, 20 July, 0736 hr. (U. of W.) 16 July, 19 August, 1223 hr. 
1000 hr. Mean values 0845 hr. Mean values 


Depth PO, Depth PO, Depth PO, 





mg./cu.m. m. mg./cu.m. m. mg./cu.m. m. mg./cu.m. 
120 0 134 165 0 158 
160 10 171 165 10 162 
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160 50 158 175 40 166 
180 180 195 —_— — 
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Fic. 50. Concentrations of dissolved inorganic phosphates observed 
at Station 1 through 1931. 


With the help of data obtained by the University of Washington in the 
summer of 1932, which agree closely with the foregoing data at corresponding 
stations (Table V) it is possible to examine the distribution of phosphates in 
the whole area. High phosphate concentrations occurred off the west coast of 
Vancouver Island, gradually decreasing through Juan de Fuca Strait to the 
southern passages (Igelsrud, Robinson and Thompson, 1936) where the waters 
were still richer in phosphate than those found in the Strait of Georgia during 
that period. The region of high phosphate concentration noted by Hutchinson 
and Lucas (1931) in the vicinity of Point Roberts was associated with the 
intrusion of mixed water from the southern passages, as previously discussed. 

Studies of the Fraser River water in 1950 (Wright, 1951) indicated values 
usually less than 50 mg./cu.m. In the immediate vicinity of the Fraser River 
mouth (Fig. 48, Station B) the concentration of phosphate (80 mg./cu.m.) in 
the upper 2 m. of surface waters was less than anywhere else in the strait. Also, 


TaBLeE VI. Observed concentrations of dissolved inorganic phosphate at 
Station C (Fig. 1) at LL tide (1435 hr.) and HH tide (2210 hr.), 
23 June 1932. 


Depth PO, at LL PO, at HH 
m. mg./cu.m. mg./cu.m. 
0 80 235 
1 80 255 
2 130 260 
4 130 275 
6 140 280 
10 155 285 
20 310 


150 
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at Station C where the Fraser River influence occurred at lower low tide, 
phosphate values of 90 mg./cu.m. were found in the surface waters, while at 
higher high tide when the water from the southern passages intruded the locality, 
the surface values were more than 200 mg./cu.m. (Table VJ). Therefore, it is 
concluded that phosphates are not being contributed by the Fraser River to any 
extent but are being supplied by the water from Juan de Fuca Strait where 
phosphate concentrations are high. It is possible that the spring to summer 
increase of phosphate concentration in the lower zone is due to summer up- 
welling of deep ocean waters off the west coast. These waters contain high 
concentrations of dissolved phosphates and move into Juan de Fuca Strait 
(Herlinveaux, 1954a, b) and thence into the lower zone of the Strait of Georgia. 


SILICATES 


The occurrence and variation of dissolved silicates are shown in Fig. 51, 52 
and 53, and the seasonal cycle is shown in Fig. 54. 

During the summer the mixed waters in the southern passages contained 
about 3.4 mg./l. of dissolved silicate. In the southern region the concentration 
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Fic. 51. Concentrations of dissolved silicates observed at successive tidal stages in the Strait 
of Georgia, spring, 1932. 
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;. 52, Concentrations of dissolved silicates observed at successive tidal stages in the Strait 
of Georgia, summer, 1932. 


in the upper zone was of the order of 1 to 2 mg./l. except in the immediate 
vicinity of the Fraser River where it was of the order of 3.5 mg./l. In accordance 
with the vertical plankton distribution in this locality the concentration decreased 
to 2 mg./l. at 6 m. depth. In the lower zone the silicates increased to 3 mg./I. 
at 100 m. and to more more than 4 mg./l. near the bottom (Joint Committee 
on Oceanography, 1953). The tidal variation was noticeable in the upper zone 
as the fresh-water influence flooded and ebbed in each locality. In the northern 
region the upper-zone silicates were less than 1 mg./l. suggesting that these 
waters had been depleted by plankton growth there, or had come from the 
regions of maximum growth. 

During the autumn, the level of silicate concentration increased in the 
upper waters and this increase continued through the winter to spring. Evidently 
the regeneration of silicates is slower than that of phosphates. This is reasonable 
when it is recalled that phosphates are constituents of the quickly decomposable 
organic parts of the plankton, while the silicates are the principal components 
of the hard frustules which dissolve much more slowly. These frustules sink 
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Fic. 53. Concentrations of dissolved silicates observed at successive tidal stages in the Strait 
of Georgia, autumn, 1932. 
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Fic. 54. Concentrations of dissolved silicates observed at Station 1 
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before they dissolve and doubtless account for the high concentrations of silica 
in the deep waters. 

Studies by the British Columbia Research Council (1952) and data observed 
by the University of Washington in 1932 are cited in Table VII. These show 
that the concentrations are highest in the Fraser River water and decrease 
seaward through the sea-water system. It is evident that the principal source of 
silicate is in the Fraser River, and that the marine plankton cycles provide a 
mechanism for transfer of this constituent into the deep sea water. 

The conclusions that may be drawn concerning the role of dissolved nutrients 
in Strait of Georgia waters are as follow. 


Taste VII. Observed concentrations of dissolved silicates in the waters off the west coast 
of Vancouver Island and in Juan de Fuca Strait. The sea-water data were observed by 
the University of Washington, July 16-29, 1932. Station positions are shown in Fig. 1. 
The Fraser River data were observed in July 1951 by the British Columbia Research 
Council (1952) between Hope, B.C., and the river mouth. 











Pacific Juan de Fuca Fraser Fraser 
Ocean Strait Southern passages estuary River 
Station X 2311.1 2314.1 2318.1 2316.2 Station B 
Time: 0800 1800 1520 0845 1000 0125 
Date: 19 July 17 July 28 July 16 July 29 July 15 July 
(HHW) 
Depth (m.) SiO, (mg./l.) 
0 2.35 2.35 2.65 3.2 3.2 5.25 
10 2.35 2.65 2.65 32 3.2 2.09 5.6 
25 2.90 2.90 3.90 3.05 3.2 2.83 to 
50 3.2 — 3.20 3.35 3.2 3.20 5.1 
75 — 3.20 — — 3.4 — 
100 3.4 3.20 3.40 — — —- 
150 3.4 


3.20 3.40 — —_ — 


The concentrations of nutrients in the euphotic zone in the central part of 
the Strait of Georgia during the summer are of the same order as observed 
in the corresponding zones in the oceans (Sverdrup et al., 1942). During the 
autumn, winter, and spring, and in the regions of turbulence, the concentrations 
are much higher. 

Hutchinson and Lucas (1931) observed plankton blooms much greater than 
occurring elsewhere, and concluded that they were possible because of these 
high concentrations of nutrients. Their study did not propose any explanation 
for the limited plankton growth during midsummer between the spring and 
autumn blooms. 

The present more comprehensive study reveals that neither phosphates nor 
silicates were depleted below threshold levels at any time or at any part of 
the area; but nitrates were completely utilized in the central non-turbulent 
region. It is suggested that their lack may be a limiting factor in summer 


phytoplankton growth. 
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ABSTRACT 

A descriptive and quantitative analysis of the physical oceanography of the Strait of 
Georgia has been made. 

The area has been characterized by extreme seasonal and regional variability of the 
surface waters. Deep water undergoes only small change. Runoff, principally from the 
Fraser River, is the major cause of salinity variation. Surface warming by insolation is 
reflected in high summer surface water temperatures in the Central and Northern Strait. 

Analysis of the Strait of Georgia has been based on a hypothetical model of a deep, 
rectangular basin connected to the sea by mixing baffles and a long channel. Fresh water 
inflow is concentrated near the southern end of the basin. The Strait of Georgia—Juan de Fuca 
Strait system has basically three water masses: (1) the brackish surface water from runoff in 
the Strait of Georgia; (2) the deep water of oceanic origin in Juan de Fuca Strait; and (3) a 
mixture of (1) and (2) which forms at the sills. This mixture contributes to the deep water 
in the Strait of Georgia and to the upper seaward-flowing layer in Juan de Fuca Strait. Bottom 
water is formed in late autumn when dense sea water from Juan de Fuca Strait intrudes into 
the mixing area of the southern sills. An Intermediate Water is formed during some cold 
winters in the Northern Strait. A slow intrusion of warm Intermediate Water occurs from the 
southern sills in late summer. 

A general counter-clockwise circulation exists in the Strait of Georgia. Tides, runoff, and 
winds are the principal generating forces. Topography, Coriolis force, and centrifugal force 
are the main directive factors. Circulation has been studied from drift bottle experiments, 
mass distribution, and isentropic analysis. 

Some of the effects of winds in mean sea level changes and surface currents have been 
evaluated. Wind effects are most pronounced in influencing the circulation of the upper 
brackish layer. 

Waters are most stable in the Central and Northern Strait. Intensive tidal mixing 
renders the waters of the Southern Strait nearly homogeneous, particularly in winter. The 
largest amount of mixing energy comes from the tide, but winds contribute substantially to 
mixing in the surface water. The potential energy change from a stratified to a mixed column 
of water in the Southern Strait has been computed. Keulegan’s criterion of mixing is applied 
to the system at the Fraser River estuary. 

A technique for determining the fresh water budget in the Strait of Georgia has been 
developed. This has been evaluated on the basis of the 1950 meteorological, hydrological, and 
oceanographic data. At a particular time there is a volume of fresh water in the Strait of 
Georgia equivalent to 1% years of Fraser River discharge based on an average salinity of 
33.8% in the inflowing oceanic water. Little effect in the overall fresh water content of the 
system is caused by sudden increases or decreases in the runoff. 
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The heat budget based on five stations where the necessary meteorological and 
oceanographic data were available has been evaluated for 1950. Considerable variation in 
evaporation is largely dependent on the variation in surface water temperature. Peak evapora- 
tion occurs in the Southern Strait in late autumn with negative (condensation) values in late 
summer. Maximum evaporation occurs in mid-summer in the Central and Northern Strait. 
On a yearly basis, there is a loss of heat from the system through the transport seaward of 
surface water. 

Some concepts of inshore oceanography are given with general guiding principles for 
the planning and conduct of surveys. 
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1. INTRODUCTION 
1.1 Grocrapuic DEescrirTION OF AREA 


The Strait of Georgia is one of the largest marine waterways on the west 
coast of North America. It is partially enclosed by islands with Vancouver Island 
forming the western boundary. The Canadian Gulf Islands and the American 
San Juan Archipelago form a partial barrier from Juan de Fuca Strait to the 
south, Access to the open Pacific Ocean northward is permitted by way of fiord- 
like channels dissecting the land bridge between northern Vancouver Island 
and the mainland of British Columbia. The Strait of Georgia trends southeast- 
northwest from a latitude of 48° 50’ to 50° 00’ N., is about 120 nautical miles 
(n, mi.) long and 18 n, mi. wide, on the average, and has an area of 2,000 n. mi.’. 





324 





WAUTICAL MILES 







—-—-— 0- FATHOM DEPTH CONTOUR 


(TTTTTT7] OEPTHS GREATER THAN 200 
THOM S 








C 


Fic. 1. The Strait of Georgia and adjacent waters showing the main geographic 
and topographic features. 
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It has a mean volume of 161 n. mi.? with an average depth of 85 fm. A small 
fraction (90 n. mi.?) of the total area exceeds 200 fm., and a maximum depth 
of 230 fm. is attained south of Texada Island. The main geographic and topo- 
graphic features of the Strait of Georgia are shown in Fig. 1. Some of the 
dimensions and parameters are given in Table I. 

For convenience in description the Strait of Georgia has been arbitrarily 
divided, as shown in Fig. 1, into three sections: (1) Southern Strait covers the 
region from the northern boundary of the San Juan Archipelago to a line 
between Point Roberts and Active Pass; (2) Central Strait extends from Point 
Roberts to the southern ends of Texada and Lasqueti Islands; and (3) Northern 
Strait extends from southern Texada Island to the mouths of the northern 
channels. 

These sections are approximately delineated to mark off the region of inten- 
sive tidal mixing in the south, the region of major Fraser River influence in 
the central part, and the northern region which receives the combined influence 
of the northern inlets and the Fraser River. 


TaBLe 1. Dimensions and parameters of the Strait of Georgia. 





b Metric Common 














Description ** Units Units 
Length 220 ke. 120 ne mi. 
Average Width 35 ke. 18 n. wi. 
Perimeter 1200 km. 640 n. mi. 
Surface Area 6900 ka? 2000 n. mi.* 
Teland Area : 480 km? 140 ne wi-* 
Mean Depth 156 =. & fa 
Mean Volume 1025 km? 161 ne mi.” 
Mean Tidal Range 3.6 m. 12 ft. 
Mean Tidal Prism 23.) km? 3.63 ne mie? 
Average Runoff per Tidal Cyole 0.212 kar’ .0334 ne mie? 
Tidal Priem 
Ratio, Runoff per Tidel Cycle 117 117 
Volume Fresh Water in January ° 11.4 kw? 17-9 ne mi? 
Volume Fresh Water in July ° 132 km? 20.8 ns mi.? 
Total Runotf per Year 145 kee? 22-8 ne mie? 
Total Direct Precipitetion per Yeer 9.6 km? 1.5 n. wie? 
Total Evaporation per Year 4.2 km? 0.66 n. ni.” 
© most dimensions teken from Canadian Hydrographic Service Chart 
Noe 359- 


» Water volume measurements teken from 1950 data. 


® Based on 33-8 °/oo for salinity of source sea water. 
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1.2 GEroLocy 


Geologically, the Georgia basin is part of the extensive Pacific Coast down- 
fold of North America which Willis (1898) recognized as extending from the 
Gulf of California in the south to the inlets of southeast Alaska in the north. 
The downfold has been a feature of the Pacific coast since the Cretaceous 
period. To the east this 2,500-mi. geosyncline is flanked by the Sierra—Cascade 
system south of the 49th parallel and by the Coast Range in British Columbia 
and Alaska. To the west it is flanked by the outer range consisting of the Queen 
Charlotte Islands, Vancouver Island, the Olympic Mountains in Washington, the 
Blue Hills in Oregon, and the Coast Range of California. On the Canadian side 
Dawson (1890) termed this mountain system the “Vancouver Range”. 

During the Pleistocene, the Georgia basin was invaded at least twice by 
glaciers and must have undergone considerable scour during occupation by the 
Pacific piedmont ice. This ice is considered to have been at least 4,000 ft. thick 
at the Fraser River delta. It moved in two directions, northwest and southeast, 
from a central point in the vicinity of Valdes Island. There is evidence of 
considerable oscillation in sea level since the Pleistocene (Johnston, 1921a; 
Peacock, 1935). According to Peacock, the area subsided about 1,600 ft. during 
the Pleistocene, and has been raised about 600 ft. in post-glacial time as 
suggested by the raised terraces and beaches. This latter adjustment probably 
resulted in an isostatic rebound after withdrawal of the ice. 

Since the retreat of the ice, the topographic features and sediments have 
been influenced primarily by erosion due to waves and currents and deposition 
from streams. From a preliminary survey, it has been shown (Waldichuk, 1953) 
that the Strait of Georgia can be essentially divided by its bottom materials 
into three sections: (1) Northern Strait with mainly sand; (2) Central Strait 
dominated by mud from the Fraser River; and (3) Southern Strait with a 
heterogeneous assembly of bottom types, but predominantly rocky outcrops, 


boulders, and cobbles. 


1.3 CLIMATOLOGY 


The Strait of Georgia is located adjacent to the high pressure region of the 
eastern Pacific Ocean (mean center at about 30° N., 145° W.). Much of the 
wind in the strait can be attributed to the circulation around this semi-permanent 
high pressure cell. In summer the anticyclone is well developed approaching 
the latitude of the Gulf of Alaska with center at 35° to 40° N., 150° W., so 
that winds along the Pacific coast are predominantly northwest. Under winter 
conditions there is a southward movement and general weakening of the anti- 
cyclone. Simultaneously, the semi-permanent Aleutian low pressure cell intensifies 
accompanied by a reversal of the wind systems along the Pacific coast. Autumn 
and early winter winds are generally southeast shifting slightly to south and 
southwest by late winter along the outer coast. Winds from directions other 
than northwest and southeast are only incidental to transitional weather periods. 
In the Strait of Georgia small shifts are local and are largely a result of the 
effect of the mountains. Gales are most frequent during the period when Arctic 
outbursts approach the coast. 
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A recent study of surface winds over Puget Sound and Juan de Fuca Strait 
(Harris and Rattray, 1954) shows that winds in the southern Strait of Georgia, 
at least, do not conform to a simple northwest-southeast pattern. Instead there 
appears to be a closed counter-clockwise circulation in the region south of a line 
between Vancouver and Nanaimo and north of the Olympic Peninsula during the 
period October to March. In spring, winds are predominantly east to southeast 
throughout the strait. The summer picture is somewhat confused with prevailing 
winds from southwest and southeast in the southern part of the strait but 
northwesterly at the northern end. The influence of winds in Juan de Fuca 
Strait, Puget Sound, and in the Fraser Valley appears to be quite important 
in the final wind pattern established in the Strait of Georgia. 

Precipitation on the east coast of Vancouver Island is much smaller than 
on the open Pacific coast. Some variation of total precipitation also exists 
regionally in the Strait of Georgia. The Gulf Islands region has a precipitation 
of less than 40 in. per year while Burrard Inlet and the mouths of the Fraser 
River have nearly 60 in. In general, precipitation in the Strait of Georgia 
increases from west to east. The wettest period of the year begins toward the 
end of October and lasts until the middle of February with an average of 6 to 8 
in. per month. In July and August precipitation averages less than 1 in. per 
month throughout the strait. 

Moderated by warm Pacific winds, air temperatures in the Strait of Georgia 
seldom fall below freezing point. They are a little lower in winter and a little 
higher in summer than on the west coast of Vancouver Island. In the strait, 
January and February temperatures average 2° C., although days when tem- 
peratures reach 10° C, are fairly common. Air temperatures increase after 
mid-February and reach an average of 13° C. in May. July and August are the 
warmest months, averaging 18° C. with the temperature rising from 12° C. at 
dawn to 24° C, in the afternoon. Temperatures in excess of 30° C, are rare 
and the warm air which moves in from the Fraser Valley is usually driven aloft 
by the sea breeze ( Meteorological Division, 1949). 

The winter months exhibit a large proportion of cloud cover. During the 
summer months, 12 hr. of sunshine per day are common. The regional variability 
in the total amount of sunshine in the Strait of Georgia can be summarized by 
stating that there is an increase from east to west and from north to south. 
Victoria has an average of 2,163 hr. of sunshine annually. Vancouver has 1,829 hr. 
compared to Nanaimo’s 1,898 hr. 

Fog is quite prevalent in the Strait of Georgia near Vancouver during the 
months of November and December. The chilled land causes a cooling of the 
invading saturated air from the west. In the southern part of the strait, fog is 
more prevalent in late summer when warm, moist air from Juan de Fuca Strait 
is cooled by the cold waters in the San Juan channels. In Victoria, nine of the 
average fifteen annual fogs occur during the period August to October. 


1.4 OcEANOGRAPHIC UNIQUENESS 


As an oceanographic region, the Strait of Georgia differs from the British 
Columbia mainland fiords in that it is much broader without the characteristic 
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steep shores and has a marine entrance at both ends. It differs from coastal 
marine basins on the east coast of North America in its great depth. Charac- 
teristically a region of excess of precipitation over evaporation, the strait receives 
runoff from many rivers. The Fraser River is the dominant stream and contributes 
approximately 80% of the total runoff. It discharges its waters into the Central 
Strait, complicating the oceanography by the varied distributions of fresh water 
with the changing tides and seasons. 

The Strait of Georgia is an estuary conforming to Pritchard’s (1952a, p. 245) 
definition: “An estuary is a semi-enclosed coastal body of water having a free 
connection with the open sea and containing a measurable quantity of sea salt.” 
It comes under the category of a “positive” estuary which includes all those 
where fresh water inflow exceeds evaporation. Based on geomorphological 
structure, the Strait of Georgia fits into Pritchard's classification as the “deep- 
basin” type of estuary. It originated from a folding in the earth’s crust and 
subsequent glacial action as opposed to a drowning of river valleys represented 
by the coastal plain estuary on the east coast of North America. 

In their classification of estuaries, Stommel and Farmer (1952) considered 
the dominant cause of movement and mixing of the water—tide, wind, or river flow. 
The Strait of Georgia-Juan de Fuca system actually represents three of their 
four classes of estuaries: (1) the highly stratified water of the Strait of Georgia 
owing its characteristics to predominance of the Fraser River discharge, (2) the 
vertically mixed water of the channels of the San Juan Archipelago resulting 
from intensive tidal turbulence, and (3) the slightly stratified water of Juan 
de Fuca Strait combining fresh water outflow near the surface with strong tidal 
mixing. This is only true for the upper 50-m. layer, the deep water representing 
a nearly homogeneous type of system. 

The fact that the Strait of Georgia-Juan de Fuca Strait system comes 
under the influence of two dominating physical factors, fresh water runoff and 
tide, gives it a distinctive mechanism in water exchange. In the Strait of Georgia. 
fresh water leaves the Fraser River estuary in a brackish surface layer mixing 
and entraining sea water in its seaward flow. This loss of sea water in the strait 
is replaced by a compensating deep flow from the sea. However, intensive 
tidal action in the channels of the San Juan Archipelago mixes the brackish 
surface layer with the saline deep water to near homogeneity. Thus the deep 
water which flows into the basin of the Strait of Georgia is not a “pure” sea 
water but a mixture of sea water and Fraser River water of a certain age. The 
salinity and temperature of this water vary seasonally inasmuch as the Fraser 
River discharge, salinity of the inflowing ‘Pacific water, and insolation effects 
undergo seasonal changes. The Fraser River exhibits its greatest discharge during 
the period of rapid snow melting in the watershed, late June to mid-July. A 
minimum discharge is reached in mid-March. The salinity of inflowing Pacific 
water reaches a peak in late August and a minimum in late February or early 
March. 

Tides in the Strait of Georgia are of the mixed type characteristic of the 
Pacific coast of North America. Because of the declination of the moon, the 
tides are subject to a diurnal inequality which affects both their time and 
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height. This inequality occurs principally in the height and time of succeeding 
low tides. It is at a maximum one or two days after the moon is at its extreme 
declination, and at a minimum one or two days after the moon is at the equator. 
The declinational effect varies throughout the strait, being at its greatest in 
the southern part toward Victoria and decreasing northward. In general, the 
relation of the tide to the moon’s phase is obscured by the declinational influence 
so that spring and neap tides do not occur in the normal sense of the words. 
Instead, the terms “tropic” for tides at maximum declination of the moon and 
“equatorial” for tides when the moon is at the equator are more applicable. The 
largest tidal ranges occur during tropic tides when the diurnal inequality is at 
its greatest. At present, the lower low waters (“collecting tides” of the intertidal 
biologists) occur within daylight hours from March to August and are under 
darkness during the remainder of the year. Tides, which are dominated by the 
lunar declinational effect, may be more influenced by seasonal changes of the 
sun’s declinations than by the moon’s other motions. The largest tidal ranges 
occur when both the sun and moon are at their maximum declination together 
north or south of the equator. Accordingly, in the Strait of Georgia this occurs 
when the moon is at its maximum declination nearest to the solstice, in summer 
and in winter. 

Beginning about March, when lower low tides in the Strait of Georgia occur 
in the late afternoon, the low water arrives progressively earlier and is more 
extreme with the advance of the season. The lowest daylight tides occur in 
late June near midday when the sun passes directly overhead and a new moon 
coincides with the maximum lunar declination north of the equator or a full 
moon coincides with the maximum lunar declination south of the equator. 
Tidal variations associated with lunar declination have a period of about 19 
years, However, there is a slight phase shift between the lunar declinational effect 
having a period of 18.61 years, and the lunar phase effect with a period of 19.00 
years (Doodson and Warburg, 1941, p. 39). This has an interesting historical 
significance in that the time of day for the maximum lower low water undergoes 
variations through a period of approximately 900 years. During this cycle, summer 
midday tides pass through periods of high and low water, so that the present 
noon low tides in the strait during summer are only temporal. 


1.5 Previous Work 


The first interest taken in the variation of physical properties in the Strait 
of Georgia as related to the distribution of flora and fauna was that of Fraser 
and Cameron (1916), They related the variation in the temperature and 
density of the surface water at Departure Bay during the summer to the Fraser 
River ‘discharge. The main variation was observed in the upper 5 fm. A further 
report on the changes in these variables over a yearly cycle in this sector of 
the Strait of Georgia was published by Fraser in 1921. Daily sea water obser- 
vations have continued since then from the wharf of the Fisheries Research 
Board of Canada Biological Station at Departure Bay. Other observing “stations” 
have been added to maintain this continuous record of the physical and chemical 
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conditions in and adjacent to the Strait of Georgia (Pacific Oceanographic 
Group, 1953). 

A preliminary hydrographic survey of the Strait of — was made by 
Cameron and associates in 1921 (Cameron and Mounce, 1922). The diversity 
in species and distribution of marine flora and fauna was considered to be 
directly a result of the complex conditions prevailing in the strait. A detailed 
study was made of the existing chemical characteristics. Hydrogen-ion concen- 
tration was shown to vary with temperature and density. The earliest intensive 
oceanographic survey conducted in the strait was commenced in the summer 
of 1926. Stations were taken at various discharges of the Fraser River and at 
different stages of the tide. Series of drift bottles were released on significant 
lines during the summers over the period 1926-1931 in an attempt to study 
surface currents. Campbell (1929) made a preliminary quantitative study of 
the zooplankton in the strait. A relationship of zooplankton abundance to tem- 
perature was shown within the limits 10° to 15° C, Salinity and pH did not 
appear to be limiting factors. A series of papers by Lucas and Hutchinson 
(1927), Hutchinson (1928), Lucas (1929), Hutchinson and Lucas (1930), and 
Hutchinson, Lucas and MacPhail (1929, 1930) dealt extensively with the early 
hydrographic data. These authors studied the data particularly from the point 
of view of the Fraser River discharge and its influence on the distribution of 
physical, chemical, and biological properties. They proposed the hypothesis that 
the Fraser River water is being conserved on the surface of the strait during 
the summer months. The model suggested for this conservation process was. 
that of a saucer-shaped, low-salinity upper stratum of very high stability. The 
action of the ebb tide would “pile up” water against the southern islands and 
passages, causing this surface layer to “slide back”. Flood tides would merely 
move it northward. As a result of this alleged conservation, the nutrients were 
also regarded as being stored in the strait contributing to the high phytoplankton 
production reported in various sections. 

The classical work published on the Strait of Georgia was that of Hutchinson 
and Lucas (1931). They made a thorough review of all aspects of the region 
contributing to the distribution of variables. Salinity, temperature, and pH were 
stressed most strongly in their relation to plankton production and ultimately 
salmon migration. An evaJuation of the effect of the Fraser River was made 
and the formation of a marked, brackish, upper layer, the epithalassa, during 
the summer months was noted. Previous assertions of the conservation of fresh 
water in the upper layers were further elaborated. 

Oceanographic investigations at the approaches to the Strait of Georgia 
in Juan de Fuca Strait, Puget Sound, and the San Juan Island region have been 
conducted extensively by the University of Washington out of Seattle and 
Friday Harbor. A general review of the oceanography of this region was 
presented by Thompson and Robinson (1934). The variation of salinity, tem- 
perature, oxygen, and nutrients at Friday Harbor over a period of years was 
discussed in several papers (Thompson, Johnson and Todd, 1928; Johnson and 
Thompson, 1929; Thompson and Johnson, 1930; Phifer and Thompson, 1937). 
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Gran and Thompson (1930) and Thompson and Phifer (1936) have observed 
the variation of physical and chemical properties of the sea water of this area 
and related it to the distribution of plankton according to region and season. 

More recent investigations in the Strait of Georgia have emphasized studies 
of the physical processes. Redfield (1950b) made a theoretical analysis of the 
behavior of tides in the Strait of Georgia-Juan de Fuca Strait system. As part 
of a study on the variations of temperature and salinity in surface waters of the 
British Columbia coast, Pickard and McLeod (1953) analyzed, among others, 
daily seawater observations from three lighthouse stations in the Strait of 
Georgia and one in Juan de Fuca Strait. Shand (1953) made a study of internal 
waves in the Strait of Georgia suggested by the wave-like patterns in aerial 
photographs, and proposed that these are directly a result of the stratification 
in density and the generating impulse provided by the tidal action through the 
Gulf Islands and the San Juan Archipelago. Campbell (1954) made a theoretical 
attack on the transverse forces in an inlet, and used the circulation in Burrard 
Inlet and approaches as his field model. 


16 Data 


The main data analyzed in this study were taken from H.M.C.S. Cedarwood 
and C.N.A.V. Ehkoli during the years 1949 to 1953, and published in a data 
record of the Pacific Oceanographic Group (1954). During the period December 
1949 to February 1951, ten synoptic surveys were carried out to provide a 
seasonal picture of the changes in physical properties occurring over a yearly 
cycle of the Fraser River discharge (Fig. 6). Surveys conducted in September- 
October 1952 and March-April 1953 were intended only to bridge the gaps in 
the existing seasonal data and provide additional information for a study of 
the effects of tides. Current measurements were made at anchor stations on the 
March-April 1953 survey. 

Approximately 70 stations distributed throughout the Strait of Georgia 
were occupied on each synoptic survey. Depths of 0, 1.8, 3,7, 5.5, 9.1, 13.7, 18.3, 
27.4, 45.7, 91.4 m. (6, 12, 18, 30, 45, 60, 90, 150, 300 ft., respectively),* and 
near bottom, were sampled for salinity and dissolved oxygen. Reversing ther- 
mometers were used for precise temperature measurements at a number of 
depths. Bathythermograph casts were made at all stations to give a continuous 
temperature record with depth. 

Samples were analyzed immediately on shipboard for dissolved oxygen 
and salinity. Chlorosity (Cl/l.) was determined by the Knudsen method and 
salinity was computed from nomographs and tables (Oxner, 1920; Carter and 
Tully, 1937). The silver nitrate solution was standardized against the standard 
sea water of the Copenhagen Hydrographic Laboratories. Dissolved oxygen was 


4In accordance with English units used in the Royal Canadian Navy, all metering blocks 
used for hydrographic casts and current measurements were graduated in yards. Conversion 
to metres has been made wherever possible throughout this paper in order to conform to the 
scientific literature in oceanography. The odd depths given in metres, in some instances, 
resulted from conversion of evén-yard intervals. 





TABLE II. Sources of data. 











Description of Date Source ® 

QOEANOGRAPHIC DATA 

Physical and Chemical Date Record, P. O. G. (1954) 

Strait of Georgia, 1949-1953, with 

Appendix I Ourrent Measurements, 

March 1953. 

Physical and Chemical Date Record, Pe O. Ge (1953) 

Streit of Geor gia, 1%0, 11, 1%2. 

Date Record, Fraser River Estuary P. O. Ge (1951) 

Project, 1950. 

Observations of Sea Water Temperature P. G. (1951) 

and Selinity on the Pacific Coast of 

Canada, Volume x, 1950, 59 Pp. 

Physical and Chemical Date, Juan de P. O. Ge unpublished 

Fuca Strait, 19451, 1932. (on file) 


Physical and Chemical Data for Puget 
Sound and Approaches, Ostober-December 
192. 


Eastern North Paciric Offshore Physical 
and Chemical Date Observed During 1952. 


Eastern North Pacific Offshore Physical 
and Chemical Date, April-June 193. 


Eastern North Pacifico Offshore Physical 
and Chemical Data, July-September 1953. 


Eastern North Pacific Offshore Physical 
and Chemieal Data, April 19%54-January 195. 


Physical and Chemical Date for Puget Sound 
and Approaches, January 1953-January 1%4. 


Daily Goeanographic Observatione at 
Priday Harbor, 1950. 


Drift Bottle Data, Strait of Georgia, 
1926-1931. 


Ourrents in Georgia Striit and Trincomali 
Channel - 0. G. 3S» Merabell, 31 May - 
9 July 194. 


i 


RR OTOGR. 3 


Aerial Photographs of the Strait of 
Georgia During the Freshet Period of the 
Fraser River, 1 June 10 June 1950. 


Aerial Photographs of the 3trait of 
Georgia, 17 and 25 August, 10 September, 
and 12 October 194. 


HYDROMETRIC DATA: 


Surface 4ater Supply of Canada Pacific 
Drainage - British Columbia and Yukon 
Taotis » Climatic Years 1948-1949 and 


Barnes and Collies 


(194) 

Paquette et al, (1% 4a) 
Paquette et al, (1954b) 
Paquette et al. (19540) 


U. W. D. Q. 


‘unpublished (on file) 


U. @. De O 
unpublished (on file) 


U. W. D. oO. 
unpublished (on file) 


P. B. Ss. 
unpublished (on file) 


Pickard (1954) 


B. C. Dept. of Lands 
and Forests, Vietoria 
(on file) 


Pacific Naval Laboratory, 
Esquimalt (on file) 


Dept. of Resources 
and Development 
(1953) 





TABLE II (Continued) 


Discharge Date for Rivers Tributary to 
the Strait of Georgia, Climatic Yeer 
1950-1951. 


Surface dater Supply of the United States 
1950. Pert 12. Pacific Slope Basins in 
Washington and Upper Columbie River 
Basin. 


Surface 4ater Supply of the United States 
1951. Pert 12. Pacific Slope Basins in 
Washington and Upper Columbia River 
Basin. 


SEA LEVEL DATA: 


Tide Levels and Tidal Bench Marke, 
1951. 


Monthly and Annual Mean Heights of 
Sea Level, 1947 to 191. 


Monthly and Annual Mean Heights of Sea 
Level on the Pacific Coast of Canada, 
1951-1953. 


Monthly and Annuel Mean Heights of Sea 
Level on the Pacific Coast of the 
United States, 1951-1953. 


METECROLOGIOAL DATA: 





Climate of British Columbia, Tables of 
Temperature, Precipitation, and 
Sunshine,Report for 1950. 


Climatic Summaries for Selected Meteoro- 
logical Stations in the Dominion of 
Oaneda. Volume I. Average Values of 
Mean and Extreme Tezperature, Mean and 
Extreme Humidity, Sunshine, and 
Precipitation. 


Climatic Summaries for Selected 
Metecrolocical Stations in Cenada, 
Newfoundland, and Labrador. Volume II. 
Humidity, Wind Speed, and Direction. 


Monthly Meteorological Summaries, 
Vancouver Airport, British Columbia, 
December 1949 - May 1953. 


Hourly Wind Date for July and August, 
1927, Vancouver, B. 0. 


Climatological Data, Washington. 
Volume LIV, Ho. 1-15, 190. 


rr 


Dept. of Northern 
Affairs and National 
Resources 
unpublished (on file) 


Geological Survey 
(1953) 


Geological Survey 
(1954) 


Canedian Hydrographic 
Service (191) 


Association d' 
Oseanographie Physique 
(1953) 


Canadien Hydrographic 
Service (unpublished 
data) on file 


U. S- Coast & Geodetic 
Survey (unpublished 
data) on file. 


Province of British 
Columbia (1951) 


Meteorological Division, 
Dept. of Transport 
(1948) 


Meteorological Division, 
Dept. of Transport 
(1948) 


Meteorological Services of 
Ganada, Dept. of Transport, 
Vancouver AM’, 
Mimeographed reports 


Meteorological Services of 
Canada, Dept. of Transport, 
Vancouver AM, (unpublished 
data) on file 


Weather Bureau (1950) 


® abbreviatione: 


P. O. G. Pacitie Coeanographic Group. 
Ue We. De O- University of Washington, Department of Cc eanogr aphy. 
P. Be 3S. Pacific Biological Station. 
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determined by the modified Winkler method as adapted for shipboard use 
(Tully, 1949). 

Currents were measured at depth with a calibrated Ekman current meter. 
At the surface, an attached drift pole and log line were used according to the 
standard method (Coast and Geodetic Survey, 1950). 

Drift bottle experiments were conducted during the period 1926 to 1931 
under the direction of Dr. W. A. Clemens, then director of the Biological Station 
at Departure Bay. 

Fairly extensive physical and chemical data were collected in the Strait of 
Georgia by Dr. N. M. Carter and Dr. J. P. Tully from 1930 to 1932 aboard 
the C.G.M.S. A. P. Knight. These have been released in a data report (Pacific 
Oceanographic Group, 1953) and analyzed by Tully and Dodimead (1957). 

Oceanographic surveys of the Fraser River estuary were conducted during 
the period November 1949 to March 1951 as a cooperative effort between 
the Pacific Oceanographic Group and the Vancouver District Joint Sewerage and 
Drainage Board. Results of these surveys have been released in a data record 
of the Pacific Oceanographic Group (1951). 

Published and unpublished data records of oceanographic surveys con- 
ducted in Juan de Fuca Strait and off the open coast by the University of 
Washington Department of Oceanography, 1952 to 1955, have been used to tie 
in with some of the other oceanographic data. 

Unpublished meteorological data have been secured through the courtesy 
of the Department of Transport, Meteorological Division. Their published 
climatic summaries (Meteorological Division, 1948) have also been used freely. 

Fraser River discharge data for 1950 were made available by the Depart- 
ment of Northern Affairs and National Resources (unpublished data), Earlier 
data on river discharges were taken from published reports (Water Resources 
Division, 1950). 

Aerial photographs of the Strait of Georgia were taken by the Air Survey 
Branch of the British Columbia Department of Lands and Forests in cooperation 
with the Vancouver and Districts Joint Sewerage and Drainage Board during 
June 1950. Recourse has also been had to aerial photographs taken by the 
Pacific Naval Laboratory with the cooperation of the Royal Canadian Navy 
in 1954. 

A complete listing of the data used and their sources is given in Table II. 


1.7 OsjyecTIVE OF THE PRESENT STUDY 


The prime purpose of this research has been the study of the physical 
characteristics of the Strait of Georgia at different periods of the year and a 
quantitative evaluation of the influencing factors. With a knowledge of existing 
conditions, it was proposed to set up some hypothesis of a mechanism for the 
seasonal change of state. The fresh water from the Fraser River provides a 
suitable indicator for an analysis of water exchange. It was endeavored to use 
this index for evaluating the mixing and flushing process occurring in the strait. 
The seasonal observations also afford a suitable approach to the study of the 
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fresh-water budget and heat budget in the strait during the year. The budget 
analyses have been carried out to the extent permitted by the available oceano- 
graphic, hydrometric, and meteorological data. 

Inasmuch as the greater part of the oceanographic data available was 
collected during the period 1949 to 1951 on a continuous basis, the year 1950 
has been chosen for the seasonal study. Data from 1930 to 1932 and from 1952 
to 1953 can be regarded only as supplementary. 


2. RELATIONSHIP OF THE STRAIT OF GEORGIA 
TO ADJACENT MARINE WATERS 


An understanding of the overall mechanism of water movement in the 
Strait of Georgia requires a knowledge of the relation of the strait waters to the 
contiguous water systems which connect it to the Pacific Ocean. Because the 
strait has two major outlets to the Pacific, one through Discovery Passage and 
Johnstone Strait to the north, and the other through the inter- island channels 
of the San Juan Archipelago and Juan de Fuca Strait to the south, it is imperative 
to know the relative influence of each in the exchange with the Pacific Ocean. 
If one outlet exhibits only a comparatively small water exchange, then it can 
be neglected in the first approximation and the subsequent treatment can be 
simplified considerably. It is proposed to show here that the effect of the 
northern outlet is small compared to exchange through the channels of the 
San Juan Islands and Juan de Fuca Strait. 

In the choice of a threshold sill, the question which always arises is: “What 
constitutes an effective sill depth?” The answer to this question depends on 
several factors. The mixing which occurs at the sill as a result of tidal action 
largely determines the depth from which water may be drawn in the exchange 
over the sill. The lateral constriction governs, to a large extent, the volume of 
water which passes through in a given time and the mixing which occurs in 
conjunction with the tides. 

The problem of an effective depth is faced in selecting the sill sections in 
channels at both the southern and northern approaches to the Strait of Georgia. 
The final choice has been based on judgment for an equable combination of 
both lateral and vertical constriction. 


2.1 Discovery PAssAGE AND JOHNSTONE STRAIT 


The outlet channels from the Strait of Georgia to the north are generally 
fiord-like, narrow, and quite deep. Three major sills suppress the influence of 
the deep waters from channels to the northeast of the strait. There is little 
question that both lateral and vertical constriction occur together in Arran 
Rapids, Yuculta Rapids, and Okisollo Channel at Granite Point. In Discovery 
Passage, however, a lateral constriction occurs in Seymour Narrows where the 
width is only 0.74 km. (0.4 n. mi.). The minimum depth by the deepest 
channel is about 90 m. (50 fm.). On the other hand, at the Strait of Georgia 
entrance to Discovery Passage near Cape Mudge, the deepest channel shoals 
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to 68 m. (37 fm.). The channel width in this section is 2.8 km. (1.5 n. mi.). On 
a cross-sectional area basis the Seymour Narrows section is the smaller of the 
two and has been chosen for comparative purposes. But, depending on some 
criterion of sill mixing, the exchange would probably not extend as deeply 
as given by the sill depth in Seymour Narrows. These northern channels have 
a combined cross-sectional area of 9.77  10* m.2 at the sections chosen and 
permit water exchange to at least 68 m. (37 fm.) depth. Table III gives the 
characteristics of the channels at the sills and Fig. 2 shows their relative cross- 
sectional areas. Compared to the southern channels having a combined cross- 
sectional area of 14.45 10° m.?, the northern channels have only about 0.07 as 
much area. On a cross-sectional area basis assuming comparable net currents 
through northern and southern channels, there is ample justification for neglect- 


ing water exchange through the northern channels when dealing with the Strait 
of Georgia as a whole. 


Taste III. Some characteristics of the channels leading to the Strait of Georgia at sections 
of greatest lateral constriction. 





Description Hero Streit Middle Channel Rosario Strait Channele Totel 
Channel Depth 274 wm. 138 a. 96.5 =. - 274 =, 
Channel Width 4.91 io. 1.12 ka. 5.15 ee. - - 
Cross-Sectional 9.47 10s? .902 x 10s? 3.22 x 10 =? 895 210e* = 14.45 x 10? 
aree 





Northern Channels » 


Seywour Yuculta Ctkisolto 

Description Narrows Repide Arran Rapids Channel Totel 
Channel Depth 121 ». 56.6 =. 31-1 a, 62.1 =. 121 a, 
Channel Width 1.59 k=. 0.37 ka. 0.15 ka. 0.59 km. - 
Cross-Sectional e409 x 10s? 2168 x 10s? O45 x 10°? 35 x 10s? 987 x 10a? 
area 
Ratio: Northern Channels Cross-Sectional Area = 0.9]7x10 =« 1 

Southern Channels Cross-Sectional Area 14.45 x 1 14.6 


® Measurements taken from Canadian Hydrographic and Map Service Chart No. 3449. 


> Measurements taken from Admiralty Chart No. 2870, Canadian Hydrographic Chart 3565, and 
Soundings from Oceanographic Surveys. 


The fact that the northern channels are long and have a relatively large 
volume should theoretically reduce their efficiency in flushing the Strait of 
Georgia. On every tidal cycle much of the strait water which enters the channels 
on the ebb tide probably returns to the strait with the flood. Ebbing water 
leaving the southern channels, on the other hand, should be rapidly swept away 
and new water should enter on the flood. 

The distribution of salinity along a section from the Strait of Georgia 
through Seymour Narrows and into Nodales Channel is shown in Fig. 3 for 
March 1953. The intensive mixing in this part of Discovery Passage is shown 
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Fic. 2. Channels of the northern and southern approaches to the Strait of Georgia 
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Fic. 3. Salinity distribution in sections through the northern channels leading to the 
Strait of Georgia, March 1953. 








339 


clearly by the constant salinity with depth. It is quite evident also that the 
salinity at sill depth on the Strait of Georgia side of Seymour Narrows is higher 
than that on the Nodales Channel side. This suggests that the northern channels 
have negligible effect on the deep water of the strait, assuming that lateral 
gradients in the strait are small. Data taken in June 1950 show a similar situation 
where the salinity and temperature at 167 m. (550 ft.) in the Strait of Georgia 
at Cape Mudge were 30.6%o0 and 6.9° C. compared to 29.6% and 8.1° C. at the 
same depth in Nodales Channel. Evidently there must be a net movement of 
both surface water and intermediate water out of the Strait of Georgia through 
Discovery Passage. This seems to be borne out in results of work on Seymour 


Narrows (LaCroix and Tully, 1954). 


2.2 INLETs BORDERING THE STRAIT OF GEORGIA 


This group of tributary inlets consists primarily of Bute, Toba, Burrard, 
and Saanich Inlets and Howe Sound. As suggested by Carter (1934), these 
bodies of water can be treated as separate oceanographic entities. Affecting the 
characteristics of Strait of Georgia waters only slightly, they are greatly influenced 
by conditions existing therein. Their influence is mostly felt in the surface water 
of the strait where fresh water from runoff and precipitation provides addi- 
tional dilution (Trites, 1955). The deep water of the strait acts as the source 
of sea water entering the basins of the inlets. 

Inasmuch as the inlets can be regarded primarily as sources of fresh water, 
they will be treated only to that degree in this study. 


2.3 San JUAN IsLAND CHANNELS AND JUAN DE Fuca Srrait 


As shown by Fig. 2, the waters of the Strait of Georgia are relatively open 
to Juan de Fuca Strait and the ‘Pacific Ocean through the deep channels of the 
San Juan Archipelago. The problem of a choice of an effective sill depth in the 
southern channels is even more complex than that in the northern channels. The 
threshold sill between the Strait of Georgia and the open Pacific Ocean through 
Juan de Fuca Strait actually occurs on a line between Victoria and Port Angeles. 
The maximum depth on this section is 128 m. (70 fm.) and the channel width 
is 32.6 km. (17.6 n. mi.). The greatest lateral constriction in the southern con- 
necting channels is represented by the sections shown in Fig. 2 where the 
combined channel width is 15.4 km. (8.3 n. mi.). As one of the prime factors 
in the circulation and distribution of properties in the Strait of Georgia, the water 
movement through these channels is a very influential one. 

The relationship of Juan de Fuca Strait and the San Juan Channels to 
the Strait of Georgia is illustrated in Fig. 4 showing the vertical section of 
salinity distribution in March 1953. The section is characterized by three very 
different regions—the highly stratified region in the Strait of Georgia proper, 
vertically mixed region in the San Juan Islands, and the partially stratified region 
in Juan de Fuca Strait. Three distinct water masses are exhibited—the low-salinity 
water from the Fraser River, the high-salinity water at depth in Juan de Fuca 
Strait, and the mixture of the two in the San Juan Island section forming the 
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Fic. 4. Salinity distribution in sections through the southern channels leading to the 
Strait of Georgia, March 1953. 
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deep water of the Strait of Georgia and the seaward flowing water in the upper 
layer of Juan de Fuca Strait. Distributions of temperature and dissolved oxygen 
shown in a later section conform closely to the salinity distribution. Roughly 
lateral homogeneity has been assumed in this study although, in general, salinity 
at all depths decreases in the San Juan Channels from west to east as a result 
of the mainland runoff (Fig. 4). 


3. WATER MASS CHARACTERISTICS 
3.1 HyporHeticaAL MopEL 


In order to gain a fuller understanding of the Strait of Georgia system, 
it is necessary to establish a hypothetical model. The main factors which drive 
water and determine the distribution of properties in the strait are: (1) tide, 
(2) fresh water runoff, and (3) source sea water. The circulation is modified by 
the topography and Coriolis force. 

An argument has been given to show that the influence of the northern 
channels and tributary inlets should be relatively small. It would appear logical 
to suggest a model in the form of a deep rectangular basin with the fresh water 
inflow on one side. A connection to the “ocean” would be provided by three 
small channels checked with baffles and a narrow rectangular channel set at 
right angles to the long axis of the basin. The fresh water flows into the basin at 
the surface and the sea water feeds in through the connecting channels assisted 
by tides. Mixing of the sea water and fresh water occurs at the baffles as 
shown in Fig. 5.° 

In the Strait of Georgia the Fraser River water forms a muddy, shallow 
brackish layer at the surface in which mixing is constantly occurring to some 
degree. However, more thorough mixing only occurs beyond certain distinct 
“tide lines”. These boundaries are very pronounced physically in that there 
is a sharp break in the colour from the brown, muddy texture of the fresh water 
to the deep blue of the sea water. They have been identified both laterally and 
vertically with a salinity-temperature-depth recorder (S.T.D.) and bathythermo- 
graph (B.T.). Salinity gradients may be as large as several parts per thousand 
in only a few metres of horizontal distance. Distributions of salinity shown in 
this paper are represented in the standard fashion where isohalines between 
observations are regularly spaced. It must be remembered, however, that this 
is not the real situation and gradients are much more pronounced at the inter- 
faces between different water masses. 

As opposed to the “two-layered flow” in the Strait of Georgia, there is essen- 
tially uniform flow throughout the water column which might be termed “bulk 
exchange” in the inter-island channels of the San Juan Archipelago. In bulk 


5Redfield first proposed this model of the mechanism of water exchange in the Strait of 
Georgia-Juan de Fuca Strait system in a brief contribution to the Colloquium on the 
Flushing of Estuaries held at the Woods Hole Oceanographic Institution in 1950 (Redfield, 
1950b). Stommel and Farmer (1952) later elaborated somewhat on this system in their 
analysis of the various types of estuarine conditions. 
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A — Fresh Water 
(FRASER RIVER WATER) 


B — Inflowing Seo Water 
(DEEP JUAN DE FUCA WATER) 





a. ' C — Mixture of Aand 8 

BAFFLES (SURFACE JUAN DE FUCA WATER 
AND DEEP STRAIT OF GEORGIA 
WATER) 


PLAN VIEW 





PROFILE S-S' 


Fic. 5. Hypothetical model of the Strait < Georgia—Juan a aon Strait system. 


exchange, the tidal current shows little variation with depth so that on a 
particular stage of the tide the water flows essentially in one direction throughout 
the whole water column. This is so because vertical mixing reduces the water 
column to near homogeneity. Thus the water oscillates en masse in horizontal 
motion with the tides. In Juan de Fuca Strait the two-layered flow is partially 
restored although vertical mixing is still quite pronounced. 


3.2 SEASONAL VARIATION IN RUNOFF AND IN SALINITY OF SOURCE SEA WATER 


Inasmuch as tides are a regular daily phenomenon undergoing fortnightly 
changes accompanying the moon’s declination and phase, they will not be 
considered in the seasonal cycles of water properties. However, the other 
controlling variables, runoff and sea water inflow, are of utmost significance. 

The Fraser River discharge undergoes the seasonal variation from a low in 
February and March to a peak in late June (Fig. 6). Having a very large stored 
runoff, the Fraser River receives snow melt from its extensive watershed in interior 
British Columbia during the warm days of late spring and early summer. This 
large daily discharge affects the properties of the Strait of Georgia during the 
greater part of the summer. With the dry weather of late summer the discharge 
falls off rapidly to an autumn low in November. Autumn precipitation contributes 
little to runoff because of the dryness of the soil, except during some years when 
rains are excessively heavy in October and November as occurred in 1954. 
Saturation of the soil by rain normally occurs in December, when heavy rains 
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Fic. 6. Hydrograph of the Fraser River discharge for 1950 and the seasonal surface salinity 
variation at Entrance Island. Periods of synoptic survey are blocked in. 


along the coastal belt swell the small streams with direct runoff. There is some 
increase in Fraser River discharge in December and January, after which a 
period of minimum discharge during February to April ensues. 

Cold saline water appears at mid-depths in Juan de Fuca Strait during the 
summer months. Whether this process is a result of wind upwelling as suggested 
by Igelsrud, Robinson, and Thompson (1936) and Tully (1942), or a combina- 
tion of factors, is unknown. It is coincident with prevailing northwest winds and 
large fresh water discharge of summer. Undoubtedly a combination of factors 
such as wind, fresh water outflow, and tidal turbulence is responsible for this 
intrusion of dense water. There is an opposite seasonal trend in temperature 
and salinity of water above 50 m. depth to that below 50 m. As shown in Fig. 7 
for a station in eastern Juan de Fuca Strait, the surficial water undergoes a 
large decrease in salinity and an increase in temperature during the summer. 
This cycle becomes less pronounced toward a depth of 50 m., below which there 
is a reversal in seasonal trend with a decrease in temperature and an increase 
in salinity for late summer. 

It is evident that the seasonal variations of Fraser River discharge and 
the salinity of inflowing sea water from Juan de Fuca Strait are about 6 months 
out of phase in their influence on the salinity of the Strait of Georgia water. 
This relationship tends toward the stabilization of the salinity in the deep Strait 
of Georgia water at an almost constant value. A slight increase in salinity, 
however, can be recognized during late summer near the southern sill. This 
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can be noted by comparing salinity distributions in Fig. 29 and 33, discussed 
in a later section. 


3.3 SEASONAL CycLes 1n WaTER CHARACTERISTICS 


The general vertical distribution of salinity in the Strait of Georgia exhibits 
a large gradient in the upper 30 m. off the Fraser River estuary, vertical homoge- 
neity in the Southern Strait, and partial stratification in the Central and Northern 
Strait. Intensive tidal mixing at the southern channels destroys the vertical 
stratification and sets up a large horizontal gradient at the surface. In the 
Northern Strait the water column is relatively homogeneous in salt content except 
in summer. 

With the advent of increased river runoff in June, the vertical stratification 
at the Fraser River estuary becomes more pronounced. The extent of the area of 
this stratification spreads both southward and northward. Influence of the fresh 
water does not increase noticeably at depth because of reduced wind mixing 
and increased stability of the water. Ultimately, the deep Strait of Georgia water 
does receive a dilution effect of the increased runoff from the mixing region of 
the southern channels. This effect is compensated by the increased summer 
salinity of the deep water intruding from Juan de Fuca Strait. 

In addition to the removal of fresh water faster than it is added in autumn, 
cooling of the surface water and increasing winds tend to break down the vertical 
stratification in all regions except that near the Fraser River estuary. In general, 
the water shows a trend toward homogeneity in salinity. 

Temperature follows to some degree the same seasonal pattern as salinity. 
Warming of the large fresh water inflow during the summer sets up a large 
temperature stratification near the surface. With autumn cooling and wind 
mixing, the water becomes almost vertically homogeneous in temperature. About 
December, water below 30 m. has a temperature range from 8.5 to 9.2° C. 
throughout the whole Strait of Georgia. Water cooled to 7.0° C. begins to sink 
and move into the strait basin from the south. Localized sinking of cooled water 
may occur in the central part of the strait as well, so that an irregular temperature 
structure with minima and maxima at intermediate depths noted at numerous 
stations may result. This can be observed in the longitudinal sections of tempe- 
rature distribution (Fig. 15). A vertical tongue of warm summer water extends 
upward to a depth of less than 50 m. in the central part of the strait midway 
between Texada and Gabriola Islands. This irregularity in temperature structure 
persists until about March, after which an equilibrium is reached and tempera- 
tures at depth are nearly constant throughout at 7.0 to 7.5° C. In May, surface 
warming sets in and temperatures exceed 8° C. over the whole water column in 
the Southern Strait. Temperature structure becomes irregular again in June 
when intrusion by warm water (8.5° C.) becomes well established in the 
Southern Strait. Localized penetration of water of temperature greater than 
8° C. occurs just south of Texada Island and also in the Central Strait off 
Gabriola Island. With the exception of deep water north of Texada Island all 
the water colder than 8° C. is displaced by warm water from the south by 
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Fic. 7. Seasonal cycles of (A) salinity and (B) temperature in Juan de Fuca Strait 
off New Dungeness, (48° 16’ N., 123° 04’ W.). 
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Fic. 8. Seasonal cycles of (A) salinity and (B) temperature in the southern Strait of 
Georgia, (48° 44’ N., 122° 46’ W.). 
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Fic. 9. Seasonal cycles of (A) salinity and (B) temperature off the Fraser River 
North Arm (49° 11’ N., 123° 19’ W.). 
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Fic. 10. Seasonal cycle of (A) salinity and (B) temperature off Nanoose Bay 
(49° 18’ N., 124° 00’ W.). 
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September. At this time, deep water in the Southern Strait exceeds 9° C. Homo- 
geneity in the deep water (below 30 m.) is achieved again sometime in November 
when temperatures range from 8.5 to 9.0° C. 

Five stations representative of five widely different sectors in the Strait of 
Georgia and Juan de Fuca Strait have been chosen to illustrate the seasonal 
variation of properties (Fig. 7 to 11). It will be noted that 1950 data are repre- 
sented at all stations except the Juan de Fuca Strait station where only 1953 data 
were available. Two extremes are given; one by a station off the Fraser River 
exhibiting the effects of seasonal fluctuations of fresh water, and the other by a 
station off New Dungeness with comparatively small surface changes but large 
variations in the deep water. 

Salinity undergoes a well-defined minimum in the surface water of the Fraser 
River station (Fig. 9) which coincides with the peak runoff in late June. A 
maximum occurs in January when the Fraser River approaches a low in dis- 
charge and intensive winter mixing maintains a high salinity in the surface water. 
Deep water experiences very little change from summer to winter. At the New 
Dungeness station (Fig. 7) two ill-defined minima in surface salinity can be 
observed. One in February corresponds to the peak runoff from the lowland 
watershed and follows a record January rainfall in 1953. The other in late August 
is due to the Fraser River discharge peak which was considerably smaller in 1953 
than in 1950. There appears to be nearly 2 months’ time lag between the peak 
of the Fraser River discharge and its fresh water influence in eastern Juan de 
Fuca Strait. In the deep water, however, there is a well-defined salinity maximum 
in August. Stations taken between these two areas of major influence show some 
intermediate characteristics (Fig. 8) determined by the distance from the Fraser 
River. The northern station off Cape Mudge (Fig. 11) undergoes a minimum in 
surface salinity in late July and early August. Part of this is a result of the 
Fraser River and part is due to the delayed runoff from the northern inlets. 
Variations in salinity of deep water are almost completely absent. 

Temperature, being a function of insolation, advection, and mixing, shows 
large differences in seasonal variation in the Strait of Georgia. In the Central and 
Northern Straits, stratification of the water as a result of fresh water inflow 
permits much warming in the surface layer during summer. This is represented 
by the station off Cape Mudge (Fig. 11), where surface water passes through 
a temperature minimum of less than 5° C. some years in January or February 
and reaches a peak in August. The whole water column is homogeneous in 
temperature at about 7° C. sometime in late March or early April when deep 
water is near its minimum temperature. The other extreme of small seasonal 
variation in temperature occurs at the New Dungeness station (Fig. 7), where 
mixing maintains nearly vertical homogeneity. Surface water has its minimum 
temperature at about 8° C. in January with a maximum just over 12° C. in 
August. A unique feature of this locality is that there are two well-defined 
temperature minima in the deep water. One occurs during late March as a result 
of winter cooling. The other appears in late August and is associated with the 
deep inflow of saline, cold water during the summer. In March, April, and May, 
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and again in November and December, the water is almost homogeneous 
vertically. The region influenced most by the Fraser River (Fig. 9) does not 
exhibit the same high temperature at the surface that is shown in the Northern 
Strait during the summer. This regional difference results in part from continued 
insolation supplied to the fresh water as it moves northward. 


3.4 WrntTer DistripuTION OF PROPERTIES 


Winter is the period of small Fraser River discharge and low salinity in the 
inflowing Juan de Fuca Strait waters. Surface water cools to a minimum, 
approaching a temperature equilibrium with the atmosphere in late December. 
However, the whole water column does not reach its minimum temperature 
until March. In regions where surface salinity is high, cooling of the surface 
water may be sufficient to promote a natural turnover. Prevailing southeast winds 
in autumn destroy much of the density stratification established during the 
summer. Local precipitation is at a peak in winter, and runoff is relatively large 
from the small coastal streams. 

The distribution of properties at the surface in the Strait of Georgia for 
February 1950 is shown in Fig. 13. Low-salinity water is largely confined to the 
area around the Fraser River estuary. Cells of brackish water do occur in 
mid-strait and at the entrance to Howe Sound. The Northern Strait exhibits 
nearly complete lateral homogeneity where salinities range from 27 to 29%o, In 
the well-mixed southern channels, salinity reaches 30%0, the highest value for 
the strait. Temperature shows very little lateral variation throughout the strait in 
winter. The range is only about 2 degrees, from 4.5 to 6.5° C., with the tendency 
for the colder water to be near the Fraser River estuary. Density distribution is 
almost completely governed by the salinity of the water. Thus low-density water 
is always found at the Fraser River estuary, whereas high-density water occurs 
in the Southern Strait. 

The mid-channel profiles of salinity, temperature, and density are shown in 
Fig. 14 to 16 (see Fig. 12 for station positions). Salinity variation is most pro- 
nounced in a surface layer about 25 m. thick extending from the Fraser River 
estuary northward to about Texada Island. The influence of the Fraser River 
water is felt deepest in that part of the strait opposite the Fraser River estuary. 
Below 30 m. the range in salinity variation is small. In this zone salinity seldom 
drops below 30%0 or exceeds 31%0. Vertical stratification in density is rapidly 
destroyed toward the Southern Strait and salinity becomes nearly 30%o0 from top 
to bottom. Exceeded only by the Southern Strait in near-vertical homogeneity, 
the Northern Strait exhibits less than 1.5%o salinity variation from top to bottom. 
Because of this almost constant salinity, the water column tends to lose stability 
with surface cooling. A temperature decrease in the surface water could easily 
promote a turnover. 

The temperature section in Fig. 15 shows the general irregularity in the 
distribution which exists in winter, when several processes which render a com- 
plicated temperature structure are active. Surface water has been undergoing a 
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Fic. 14. Distribution of salinity in longitudinal section through the Strait of Georgia, 
February 1950. 


steady cooling during the winter season. Generally the lowest temperature in the 
water column is at the surface. The well-mixed region in the south provides deep 
dense water of high salinity and intermediate temperature for the Strait of 
Georgia basin. This water gradually displaces the warm summer water which is 
still evident in the Northern and Central Straits. In that part of the strait north 
of Texada Island, the water mass shows little variation in temperature and 
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Fic. 15. Distribution of temperature in longitudinal section through the Strait of Georgia, 
February 1950. 


density from top to bottom. Vertical mixing may have occurred here to con- 
siderable depth by convective overturn, This region may also be the source of an 
intermediate water where winter cooling of fairly high-salinity water causes 
sinking to its density level. In this way, “summer water” at a temperature greater 
than 8.0° C. undergoes a flushing action by displacement from north and south 
as shown in Fig. 15. 
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Fic. 16. Distribution of density (¢,) in longitudinal section through the Strait of Georgia, 
February 1950. 


In the upper layer, density distribution is primarily influenced by fresh 
water inflow (Fig. 16). Low density water corresponds to low salinity. However, 
in the deep water where the salinity is nearly homogeneous, temperature dis- 
tribution influences the density distribution. The lobe of low-density water in the 
Central Strait is rapidly isolated by intruding deep water during midwinter. By 
processes of diffusion and advection it will eventually disappear. 





3.5 SUMMER DisTRIBUTION OF PROPERTIES 


The survey of June 1950 chosen for this illustration is not entirely repre- 
sentative of summer conditions climatologically. It does include the peak period 
of Fraser River discharge, however, which is considered the dominating feature 
in the salinity distribution. The cumulative effect of the increased discharge 
appears sometime later. Winds at this time of year are predominantly north- 
westerly although southeasterly winds are common. Precipitation is small so that 
direct coastal runoff becomes insignificant. Runoff from the inlets has some 
significance at this time, but the peak discharge from the glacial streams does 
not occur until about a month later. By this time, the Strait of Georgia receives 
near-maximum insolation and the cumulative effect is apparent in the rapidly 
increasing surface water temperatures. 

The surface distribution of properties is shown in Fig. 17. Salinity distribu- 
tion is characterized by the large range from 1%o at the Fraser River estuary to 
25%0 at the extremities. A patchiness of distribution is demonstrated by the 
low-salinity cells throughout the southern part of the strait. These detached 
clouds retain their identity for a considerable period because of their resistance 
to lateral mixing. The largest consistent surface gradient appears in the Southern 
Strait, where low-salinity surface water becomes rapidly mixed in with the more 
saline water brought to the surface by tidal action. Salinity is lowest along the 
eastern part of the strait for its full length, suggesting a predominant movement 
of the fresh water along this side or runoff from the inlets. 

The temperature distribution in the surface water during late June shows 
three distinctive processes in action. (1) Tidal mixing in the Southern Strait brings 
cold water to the surface, producing a marked gradient along-channel. (2) Influx 
from the Fraser River has not had sufficient time to warm up in its course from 
the cold headwaters to the estuary. Consequently, it brings in water colder than 
the surface water already in the strait which has been warmed by insolation. 

(3) The Northern Strait exhibits the warmest surface water. Here the results of 
prolonged stratification and surface heating are evident. The movement of the 
Fraser River water northward along the surface gives an additional period of 
heating with little vertical mixing of the surface water. 

The density distribution is closely related to the salinity distribution. 
Temperature accentuates the density trend resulting from salinity in all areas 
except at the Fraser River estuary where low temperature increases the density. 

The distributions of salinity, temperature, and density in longitudinal 
sections (Fig. 18 to 20) show the very marked stratification in the upper 30 m. 
Salinity particularly shows a very sharp gradient in the upper 10 m. with a 
change from 1 to 27%o0 at some stations. This gradient is rapidly reduced 
toward the mixing area in the south but is only gradually diminished northward. 
Water below 30 m. shows only a small range in salinity from 29.5 to 31%0 with 
the deepest water at about the same salinity as found in February. 

The temperature distribution is characterized by a large gradient in the 
upper 30-m. layer, particularly pronounced opposite the Fraser River estuary. A 
range of 7 degrees in 18 m. was observed in the Northern Strait. In deep water, 
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17. Distribution of properties at the surface in the Strait of Georgia, June 1950. (A) salinity, (B) tem- 
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Fic. 18. Distribution of salinity in longitudinal section through the Strait of Georgia 
June 1950. 
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Fic. 19. Distribution of temperature in longitudinal section through the Strait of Georgia, 
June 1950. 
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Fic, 20. Distribution of density (o;) in longitudinal section through the Strait of Georgia, 
June 1950. 
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lateral and vertical variability in temperature indicates displacement of waters 
by advection. From the relatively high temperature in deep water of the 
Southern Strait (about 8.5° C.) which is continuous into the San Juan Channels, 
it can be concluded that this water is beginning to replace the cold winter water 
(about 7.5° C.) in the Central and Northern Strait. Tongues of warm water 
extending downward and of cold water extending upward are suggestive of 
vertical movements of masses of water within the basin of the strait. Density 


distribution supports this hypothesis in that water movement follows the 
isopycnals shown in Fig. 20. 


3.6 DrurRNAL VARIATION OF PROPERTIES 


In general, the diurnal effect due to tides is at a maximum in the Fraser 
River estuary, decreasing to a minimum at the northern extremity. At the estuary, 
the water is predominantly fresh during ebb tide, increasing in salinity as sea 
water encroaches on the flood. 

The physical characteristics of the Fraser River water entering the Strait of 
Georgia are quite apparent from aerial photographs (Fig. 21 to 23). The light 
brown coloration of the silty river water is in pronounced contrast with the deep 
blue of the sea water. During the ebb tide, the hydraulic flow of river water is in 
the same direction as the tidal flow. Tongues of muddy water extend into the 
strait toward Active Pass. During flood tide, the rapid flow of sea water along 
the mainland shore shears off the lobes of river water, leaving clouds of brackish, 
muddy water moving independently under the influence of wind and tide. An 
idealized representation of the behavior of Fraser River water during ebb and 
flood tides is shown in Fig. 24A. 

During the ebb, isolines of salinity and density in vertical profile are almost 
horizontal as river water fans out over the strait. As the strait waters begin to 
flood, tidal forces oppose the hydraulic flow of river water and a sharp interface 
develops between the river water and sea water. This opposed flow causes an 
inclination of the isolines which cut the surface at the interface and slope 
downward. The phenomenon is shown diagrammatically in Fig. 24B. 

In general, diurnal variability increases with the amount of fresh water 
present and the nearness’to a water-mass boundary. In the Southern Strait, 
diurnal variation is small and almost constant with depth because of vertical 
homogeneity of the water and the bulk-type flow in water exchange. When runoff 
is large, however, and the fresh-salt water boundary passes through the region 
of measurement, a considerable change in the properties can be observed at the 
surface. Two-layered flow in the waters adjacent to the Fraser River estuary, on 
the other hand, invariably produces large daily changes in the salinity. In the 
Central Strait, where no pronounced boundaries exist and fresh water distribu- 
tion is quite homogeneous laterally, the diurnal changes are small and generally 
show little relationship with the tide. 

Several stations representative of different regions of the Strait of Georgia 
according to diurnal variation in properties have been chosen for illustrative 












Fic. 21. Aerial photograph showing intrusion of Fraser River water into the Strait of Georgia 
2 hours after low water, 1 June 1950. (B.C. Government air photograph. ) 


purposes. As shown for the station in Boundary Pass (station B in Fig. 25), the 
effect of tides in the Southern Strait causes an increase in salinity and a decrease 
in temperature during the flood. The reverse trend is true on the ebb. During 
very cold spells in winter when surface water in the Central Strait is at a low 
temperature, the tidal effect at the surface at least will tend toward colder water 
on the ebb and warmer water on the flood. The maxima and minima in tempera- 
ture and salinity correspond quite closely to high or low tide as the case may be. 

Off the Fraser River estuary, at station C in Fig, 25, the diurnal variation in 
salinity is particularly pronounced in the surface water. The ebb permits a large 





Fic. 22. Aerial photograph showing fresh water along the Fraser River estuary 2 hours before 
low tide, 1 June 1950. (B.C. Government air photograph. ) 


surface outflow of fresh water and the salinity drops rapidly. The deep water, 
however, exhibits little change. 

In the Northern Strait there is a tendency toward high salinity-low tempera- 
ture on the ebb and the opposite combination on the flood (station G in Fig. 25). 
In the vast expanse of strait away from the fresh water source and connecting 
channels, there appears to be a more random diurnal fluctuation in properties 
which seems only remotely related to the tide. Movement of detached clouds of 
fresh water is the main cause of variability. Winds and local topographic effects 
apparently take on more prominent roles in short-period variations. 





Fic. 23, Aerial photograph showing the extent of fresh water across the Strait of Georgia on 
the ebb, 1 June 1950. (B.C. Government air photograph ). 


It has been suggested on numerous occasions that a synoptic picture of the 
distribution of properties can only be obtained if stations are occupied simultane- 
ously or, at least, on the same stage of the tide. With the latter alternative in 
mind, the surveys of September and October 1952 were conducted in two 
consecutive periods for one week each. The first series of stations was occupied 
as rapidly as possible without regard for the tide. In the second series, stations 
were scheduled to fall on certain specified stages of the tide (see track charts, 
Fig. 28). Tides during the latter series were essentially equal with little diurnal 
inequality. It was hoped to achieve a flood and ebb picture of distribution. 
Figure 26 shows a few selected lateral sections of properties observed on the two 
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Fic. 24. (A) Salinity distribution at the surface on flood and ebb stages 
of the tide off the Fraser River estuary. (Observed on survey, 1-8 Decem- 
ber 1949.) (B) Schematic sections of salinity distribution off the Fraser 
River estuary on flood and ebb stages of the tide. 


stages of the tide in addition to the “synoptic survey” sections. It must be 
emphasized that precipitation, runoff, and winds during this period were 
remarkably steady. The most pronounced difference in distributions appears 
between the synoptic section and the tidal sections which were one week apart 
in time. Much less contrast exists between the ebb and flood distributions taken 
on the same tidal cycle. Several obvious conclusions stand out. The largest 
variations occur in the surface water and at the Fraser River estuary. Variations 
decrease with depth and away from the estuary. In all parts of the strait, the 
diurnal variation is smaller than the weekly changes in spite of only a small 
variation in climatic conditions. 
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3.7 TEMPERATURE-SALINITY RELATIONS 


For the purpose of comparing temperature-salinity (T-S) relations of the 
various water masses involved, data from surveys of September 1952 and March 
1953 have been chosen since they include Juan de Fuca Strait stations. The data 
from mid-channel stations have been plotted in Fig. 27 to show a comparison of 
summer and winter conditions. The positions of most of the stations are shown 
in track charts of Fig. 4 and 28. The distributions of properties in sections for 
the two periods are shown in Fig. 29 to 36. Several features should be pointed 
out. The three water masses represented in the T-S curves, Georgia, San Juan, 
and Juan de Fuca waters, have distinctive envelopes. Juan de Fuca water has 
a well-defined wedge shape which is retained summer and winter virtually fixed 
at its lower end. The bottom salinity and temperature are almost constant from 
Cape Flattery to Victoria and show only small variations from season to season 
compared to the surface properties. Normally there is a crossover of summer and 
winter T-S curves for Juan de Fuca Strait at some depth between 100 and 150 m. 
This has been shown for the February and July 1953 T-S data (University of 
Washington Department of Oceanography, 1954, p. 61) as well as for other Juan 
de Fuca data collected 1932 to 1942 (Barnes, personal communication). Periods 
chosen for representation in Fig. 27 probably exhibit an advance in the seasons 
to the period when the T-S curves by-pass each other. The deviation may also 
be partially a result of year-to-year variation in salinity and temperature of 
intruding oceanic water. 

The envelope of San Juan water is a narrow strip in which T-S curves for 
individual stations fall on nearly the same slope but are shifted upward as stations 
advance from south to north. This narrow envelope becomes elongated during 
the summer months as a result of dilution by Fraser River discharge, increasing 
temperatures in the surface water, and decreasing temperatures and higher 
salinities in deep Juan de Fuca water. Georgia water is not characterized too 
well by T-S diagrams owing to the large surface effects. Dilution from runoff 
and heating by insolation render the study of water masses and their physical 
inter-relations by T-S diagrams only partially significant. 

There is a pronounced difference in both slope and shape of the summer and 
winter T-S curves. Some consistency is shown by the seasonal variation of position 
of T-S curves. This can be a useful tool in studying seasonal changes in water- 
mass characteristics and circulation. Stations for the region just south of Lasqueti 
Island exhibit similar characteristics both summer and winter in water at depths 
greater than 200 m. This indicates the presence of “summer water” in March 
which has not yet been replaced. The range of points on a T-S curve is reduced 
in both the upper and deeper layers of water from summer to winter. A dis- 
continuity occurs between the Juan de Fuca water and Georgia water in the 
region of the San Juan channels. It is noteworthy, however, that the envelope 
of T-S relations for San Juan water is flanked by Juan de Fuca water to the 
south and Georgia water to the north. In the San Juan water mixing occurs 
across the isopycnals with probably considerable expenditure of energy. The mixed 
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water, however, tends to flow out into Juan de Fuca Strait at the surface and 
into the Strait of Georgia at depth along the isopycnals as shown in the line 
o; = 24. It is also of interest that the discontinuity in the T-S curves occurs 
along o; = 24 both summer and winter. Thus it appears that the increased 
salinity and reduced temperature of Juan de Fuca water in summer nearly 


compensate for the salinity reduction by the Fraser River discharge and surface 
warming by insolation. 


3.8 A GENERALIZED PicruRE OF WATER MASSES AND THEIR FORMATION IN 
THE STRAIT OF GEORGIA 


To illustrate the mechanism of the water-mass formation and the vertical 
circulation in the Strait of Georgia—Juan de Fuca Strait system, it is expedient to 
analyze the conditions that might occur if no tides existed. As shown in Fig. 37A, 
water of the density at sill depth from Juan de Fuca Strait would fill the basin 
of the Strait of Georgia. Under conditions of constant density this water would 
remain there as long as the density of inflowing water did not increase. With the 
seasonal change in the inflowing deep water from Juan de Fuca Strait, at least 
a certain amount of the water in the Strait of Georgia below sill level could be 
replaced by the dense water intruding during the summer months. Some mixing 
and dilution below sill level would occur throughout the year by turbulent 
outflow of surface water. This mixing would probably be quite small if no tides 
existed, Fresh water flowing out near the surface would tend to stabilize the 
water column against mixing by winds from the surface. In general, the condi- 
tions would tend to approach those which exist in certain of the Norwegian 
fiords or in the Black Sea. They could not be as extreme, however, because the 
sill depth is much greater in the Strait of Georgia than it is in the European 
examples. A turnover might occur more frequently and be less damaging to life 
forms than in the case of a catastrophic turnover in Norwegian fiords. 

In contrast to the hypothetical condition just described, “he existing condi- 
tion in the Strait of Georgia can be depicted by the schematic diagram in 
Fig. 37B. Tidal mixing occurs in the channels of the San Juan Archipelago at all 
times stirring the fresh water from the Strait of Georgia into the deep water 
intruding from Juan de Fuca Strait. Some of this mixture flows out at the surface 
as Juan de Fuca Strait surface water and some feeds into the Strait of Georgia 
at depth, forming intermediate or deep Strait of Georgia water. Because tides 
are the main mixing agent, kinetic energy of the tidal motion is transformed into 
potential energy in mixing the water column. This sets up a head of dense 
water above sill level on the Juan de Fuca Strait side. A pressure gradient is 
established which exerts a force on the deep water into the Strait of Georgia. 
Thus the deep water undergoes an acceleration into the basin of the Strait of 
Georgia at the sills. 

The actual conditions as they exist in summer and winter are clearly shown 
by the distributions of properties (Fig. 29 to 36). The flow pattern suggested by 
the conservative properties—salinity, temperature, and density—is confirmed by 
the distribution of the non-conservative property, dissolved oxygen. This is 
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Fic. 37. Schematic illustration of the Strait of Georgia—Juan de Fuca 
Strait system showing (A) probable conditions if there were no tides, (B) 
the existing conditions with tidal mixing at the sills. 


particularly true during the summer months when the low dissolved oxygen 
concentration in the deep Juan de Fuca water is associated with low temperature 
and high salinity. 

The Strait of Georgia can be regarded in some respects as a model of the 
oceans where formation of Surface, Intermediate, and Deep Waters occur on a 
smaller time scale. Generally, a total renewal of water occurs every year as 
evidenced in the seasonal changes of temperature in the deep water. 

Surface water in the Strait of Georgia is essentially formed at the Fraser 
River estuary and in the main basin of the strait. Here the maximum effects of 
fresh water runoff and insolation are impressed. Deep Water forms in the 
Southern Strait during the winter when increased salinity and surface cooling 
form a dense water which flows along the bottom of the basin gradually diffusing 
upward, This can be observed in the seasonal variation of temperatures where 
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Fic. 38. Schematic illustration of (A) the winter formation of deep water 

masses. (approximate condition in late winter, February—March), (B) the 

summer formation of water masses (approximate condition in late summer, 

August-September ). 

cold water occurs both at the surface and at the bottom leaving a winter cell of 
warm water at mid-depth. During cold winters, formation of an Intermediate 
Water occurs in the Northern Strait. This region feels mainly the influence of 
winter cooling which reduces the stability of the water column, permitting 
intensive mixing by southeast winds and subsequent convective overturn. Salinity 
is not high enough, however, to permit the formation of a water mass as dense 
as that formed in the Southern Strait. This Intermediate Water is apparently only 
formed during cold winters such as 1949-1950. Surface temperatures dropped 
below the critical and a condition of relative instability was established. The 
near-homogeneous water in the Northern Strait is shown in the section of winter 
distribution of density (Fig. 16). Establishment of low stability in winter is best 


a a oe 


383 


illustrated by the seasonal variation of T-S curves off Cape Mudge (Fig. 40). 
The January T-S curve is almost parallel to the o; line with instability indicated 
by a portion of the curve. A diagrammatic illustration of the winter formation of 
Deep and Intermediate Waters is shown in Fig. 38A. 

During late summer, there is a considerably different mechanism occurring 
in the strait which forms a deep water mass of different characteristics from 
that which occurs in winter. With the late summer intrusion of high-salinity 
water from Juan de Fuca Strait into the mixing region of the San Juan Channels, 
a warm intermediate water mass is formed. This water is characterized by a 
slightly higher salinity and higher temperature than that of the existing deep 
water because of the mixing-in of warm surface water with saline deep water in 
the channel area. Diffusion and/or advection of this water mass occurs both 
upward and downward until most of the deep water is displaced sometime in 
late autumn, The displacement of cold deep water by warm summer water is 
shown in Fig, 30 for September 1952. This condition is represented schematically 
in Fig. 38B. 

Flushing by less dense water has been shown by Barnes (personal communi- 
cation) to occur in Hood Canal.® Assisted by the topography, turbulent mixing 
accompanying the inflowing jet of lighter water from the entrance sill achieves 
this replacement. 

A convenient artifice for following the seasonal change in certain deep-water 
masses is the seasonal variation in T-S curves. Seasonal T-S relationships for the 
deep water at a station in mid-Strait of Georgia are shown in Fig. 39. Intrusion 
of water of different characteristics at depth is quite apparent from the dips and 
rises of the T-S curves. Cells of cold water found in the regions of temperature 
minima during the summer are relics of cold winter water. Similarly, cells of 
warm water corresponding to regions of temperature maxima at depth in winter 
are relics of warm summer water. The rates of change of these maxima and 
minima may be used as a measure of the flushing rate of the water. It is prob- 
able that a region of minimum advection and/or diffusion exists in mid-depths 
where these “fossil” temperatures are found. The two extremes in the water 
characteristics are illustrated by the February and June T-S curves. In each 
case, the water exhibits a steady decrease or increase in temperature with depth 
unaccompanied by the characteristic temperature inversions of midsummer and 
midwinter. 

At the station off Cape Mudge (Fig. 40) the smaller depth does not allow 
for the dips and rises in the T-S curves of the deep water as shown for mid-Strait 
of Georgia. However, the curves, which approach a straight line, experience a 
seasonal rotation. The one extreme is exhibited in summer when the T-S curves 
are almost normal to the o; lines and the other extreme occurs in winter when 
the T-S curves are almost parallel to the o; lines. 

A confirmation of the formation and movement of water masses can be 
gained from the distribution of dissolved oxygen. This non-conservative variable 


6See University of Washington Department of Oceanography (1954, p. 57). 








384 


ie. 18 MAY 50 
= ‘ 


\ 
x 


‘\ 
23 JUN.50\ : 
27 e-14 ~ \ 


‘eo \ \ 


“¢ 


2 DEC.50 


TEMPERATURE 


12 JAN. 50 


27 FEB. 50 


18 ‘ 
“HO 14 


---- SUMMER STATIONS 
WINTER STATIONS 


STATION DEPTHS IN METERS 





28 29 30 31 
SALINITY “Zoo 


Fic. 39. Seasonal temperature-salinity relationships in mid-Strait of Georgia (49° 
18’ N., 123° 45’ W.) for 1949-1950. 


or 
\ 


\ \ 
1AUG.50 \ 9 SEP. 50 20JUN.50 \ 
\ 


‘S “ale 
\ 


v 


°c 


TEMPERATURE 


7pEc.so *° 


-—--— SUMMER STATIONS 17 JAN SO 
WINTER STATIONS 


STATION DEPTHS IN METERS 





25 26 27 28 29 30 31 
SALINITY “/oo 


Fic. 40. Seasonal temperature-salinity relationships off Cape Mudge (49° 58’ N., 
125° 08’ W.) for 1949-1950. 












386 


is influenced not only by the physical processes of advection and diffusion, but 
also by biological activity. The concentration of dissolved oxygen at depth should 
be some indication of the water history. Water exposed to the oxygen depletion 
of respiratory and decomposition processes at depth will undergo a steady 
reduction in oxygen. Thus, the age of a water mass should be apparent from its 
oxygen content provided oxygen has not been added at depth by advection 
and/or diffusion. The dissolved oxygen distributions in a longitudinal section of 
the Strait of Georgia-Juan de Fuca Strait System (Fig. 32 and 36) follow a 
pattern very similar to the distribution of the conservative properties in the 
regions of strong currents and vertical mixing. In the main Strait of Geo. tia 
basin the dissolved oxygen distribution is largely governed by biological factors 
with replenishment occurring by advection and/or diffusion at least once per 
year. Here dissolved oxygen concentration can serve as a useful tool in dating a 
water mass and hence determining the rate of replenishment. 


4. CIRCULATION 


4.1 Facrors CONTROLLING CIRCULATION 


The Strait of Georgia can be regarded as a marine basin whose water level 
equilibrium with the Pacific Ocean is maintained by connecting channels. 
Currents are most pronounced in these channels. The constricted passages such 
as Discovery, Boundary, Active, and Porlier Passes exhibit the most intensive 
currents through which equilibration occurs between the strait and the Pacific 
Ocean. Water in the basin of the strait itself undergoes only small horizontal 
motion. Unlike Juan de Fuca Strait where strong tidal currents maintain an 
exchange between inshore marine waters and the Pacific Ocean, water in the 
Strait of Georgia is comparatively static. 

The primary forces responsible for the water movements are tides, river 
runoff, winds, differences in mean sea level between the Strait of Georgia and 
the open Pacific Ocean, and density currents set up in maintaining a salt balance. 
Secondary forces are the directive influences of the Coriolis effect of the rotation 
of the earth, centrifugal force, and topography. It is well known that the flooding 
tidal current is stronger and of longer duration than the ebb on the eastern side 
of the Strait of Georgia. The reverse is true on the western side. This fact has 
been well established for tidal currents in Rosario and Haro Straits (Coast and 
Geodetic Survey, 1949b). Coriolis and centrifugal forces combined with topo- 
graphy are probably largely responsible for this bias in flow. Coriolis force must 
be reflected in some of the veering of the water mass to the right. The tendency 
toward a counter-clockwise circulation in the Strait of Georgia because of these 
forces is augmented by a counter-clockwise wind pattern shown to exist in at 
least the southern part of the strait (Harris and Rattray, 1954). 

The fact that tides in the Strait of Georgia are about 5 hours out of phase 
with those in Queen Charlotte Sound at the northern end of Vancouver Island 
provides the large difference in hydraulic head through Discovery Passage and 
hence the large tidal currents. High tide at Port Hardy (50° 43’ N., 127° 28’ W.) 
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follows the low tide at Comox by about 1.5 hours so that the flooding tides from 
north and south meet at approximately Cape Lazo, For this reason, currents in 
the northern end of the Strait of Georgia tend to be somewhat confused. 

The hydrostatic head of fresh water from the Fraser River causes a seaward 
flow at the surface. It has been shown that this fresh water flow tends to veer 
to the right of the direction of entry in conformity with the Coriolis effect 
(Campbell, 1954). How much of this is actually due to Coriolis force has not 
been quantitatively assessed. Direct current measurements of the Hydrographic 
Service analyzed by Campbell show a northward flow off Point Grey even on an 
ebbing tide. Further evidence of this movement has been shown in aerial photo- 
graphs which reveal very distinctly the movement of silty water into Burrard 
Inlet and beyond. Early soundings of the Fraser River delta, when compared 
with more recent measurements, show definite signs of heavier silting to the 
north than in other directions (Johnston, 1921b). Salinity distribution indicates 
the greatest concentration of fresh water along the eastern side of the strait 
(Fig. 26), suggesting this as the course of the river water. 

There is some evidence that, in addition to a general counter-clockwise 
circulation, there is also a net flow of water from south to north through the 
Strait of Georgia. La Croix and Tully (1954) demonstrated that the net flow 
northward through Seymour Narrows is approximately as great as the total 
drainage into the Strait of Georgia. Distribution of properties in deep water at 
the approaches to Seymour Narrows from the Strait of Georgia and Nodales 
Channel tends to support this observation. Water at sill depth on the Strait of 
Georgia side has a higher salinity than the water to the north, suggesting that 
deep water as well as surface water experiences a net northward flow. 


4.2 SurFACE CURRENTS FROM Drirt BoTtTrLE EXPERIMENTS 


During the summers of the years 1926 to 1931, drift bottles were released 
along significant lines in the Strait of Georgia. “Coca-Cola” bottles weighted with 
sand, corked, and sealed with marine glue, were used for the purpose. A 
numbered card inside the bottle instructed the finder to fill in time and place of 
recovery and mail it to the Biological Station for a small monetary reward. 

The bottles were submerged sufficiently so that there was little direct wind 
effect upon them. However, since no drags were attached, their movements 
presumably responded only to the currents in the thin surface layer, Undoubtedly, 
tidal currents moved the bottles back and forth in their tidal cycle, but the 
extent of these short-period movements cannot be estimated from release and 
recovery data alone. The pathlines drawn from these data represent the net 
drift of the bottles, some judgment being used on the basis of apparent drifting 
time. 

Results of typical drift experiments carried out during the summer of 1927 
are represented in Fig. 41. In each case recoveries were remarkably high, over 
50%. In the experiment of 26 July 1927, a total of 85 bottles was released at 
500-yard intervals in a line between Point Grey and Entrance Island. Forty-eight 
of these bottles were recovered and cards returned. Earliest recoveries occurred 
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Fic. 41. Patterns of drift bottle recoveries from releases on a line across the Strait 


of Georgia and associated winds during the summer 1927. 
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3 weeks after release and were generally on or near shore. The winds for this 
period, as represented in the wind rose diagram, were prevailing northwesterly 
in Vancouver and westerly at Entrance Island with an average speed of 15 mi./hr. 
On the mainland side of the strait, the drift was generally northward to the north 
shore of Burrard Inlet and into Howe Sound. Along Vancouver Island, the 
bottles moved southward and were recovered in the Canadian Gulf Islands or 
in the region around San Juan Island. Others were picked up in the Boundary 
Bay area presumably after being swept around in a large counter-clockwise 
gyral of the Southern Strait. At least one bottle was picked up to the north in 
Sutil Channel. 

Two very different distributions of bottle recoveries are shown in Fig. 41A 
and 41C. The recoveries for the bottles released on 4 July 1927 occurred pre- 
dominantly north of the Point Grey-Entrance Island line. Those released on 
4 August 1927 were recovered almost entirely south of this line. To establish a 
cause for the reversal of drift between these two periods it is necessary to study 
the wind pattern immediately following release (Fig. 41D). During the 2-week 
period after the 4 July release, winds shifted from W-NE., 15 to 20 miles per 
hour, to E-SW., 10 to 30 mi./hr., about 10 July. Bottles from the eastern end of 
the release line were picked up prior to 10 July just north of Howe Sound. 
These were likely carried in this direction by the fresh water from the Fraser 
River which was near its maximum discharge at the time. Bottles released in 
the middle of the strait probably moved southward initially but then reversed 
and drifted northward as the wind shifted to southwest. In the 4 August series, 
the drift bottles moved exclusively southward with the strong 20- to 30-mi./hr. 
northwest winds for the first 2 weeks following their release. In the southern 
part of the strait some of the bottles were evidently picked up by the northward 
flowing current and landed in Boundary Bay. Others were washed up on the 
shores of the islands of the San Juan Archipelago and the State of Washington 
mainland. 

Assuming that the earliest recoveries in a region represent the time required 
for the bottles to arrive, the speed of the residual current can be evaluated. In 
most cases this amounts to about 5 n. mi. per day or approximately 10 cm./sec. 
(0.2 knot). In some cases, a current of up to 25 cm./sec. (0.5 knot) was found 
from drift bottles which apparently were swept rapidly in a tidal stream along 
shore. 


4.3 CrcuLATION FROM Direct CuRRENT MEASUREMENTS 


Direct current measurements in deep water inherently suffer from the 
difficulties encountered in anchoring a ship steadily. The “yaw” (figure-8 move- 
ment of a ship lying to a single anchor) is particularly troublesome in measure- 
ments of small currents. The roll of a ship in heavy swell introduces further 
errors in the standard types of current meters used. 

To obtain an average picture, at least two tidal cycles (25 hr.) on a small 
and large tidal range should be covered. A third period during average tides 
would provide valuable information on the transitional tides and help to average 
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Fic. 42. Net currents at surface and near bottom across the Strait of Georgia, with 
a typical tidal current cycle in mid-strait, June 1954. 
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the general current distribution. Most of the results reported here are based on 
only one tidal cycle and for that reason are not entirely representative. 

Wind effects are most evident in the surface currents. This is particularly 
true in stratified regions where wind can exert a considerable stress on the 
surface layer of fresh water. In local embayments, wind effect may dominate 
surface circulation (Waldichuk and Tully, 1954). 

The net surface and bottom currents over a lunar day at six anchor stations 
across the Strait of Georgia, described by Pickard (1956), are shown in Fig. 42A. 
The surface currents were measured with the standard drift pole and log line 
every hour. Bottom currents were measured half-hourly with an Ekman current 
meter equipped with a frame for standing on bottom so that the centre of the 
propeller was 41 cm. (16 in.) above a flat bottom. Although the errors caused 
by ship movement were eliminated in these bottom current measurements, the 
current velocities are those in the bottom shear zone. Therefore, it is likely that 
currents only slightly above the depth of measurement were stronger. Both the 
surface and deep currents were essentially of the reversing type flooding in the 
direction of approximately 320° T. and ebbing at 120° T. A typical velocity 
cycle is shown in Fig. 42B for station IV (48° 57.6’ N., 123° 14.5’ W.) in the 
deep part of the Strait of Georgia. It is remarkable that tidal currents so near 
the bottom have a velocity of up to 30 cm./sec. (0.6 knot). Surface currents are 
much greater, exceeding 50 cm./sec. (1 knot) in many cases with a net flow 
toward the south. 

Net currents were obtained by mechanically integrating the current curves 
plotted on rectangular coordinate paper over a 25-hr. period (Fig. 42B). There 
is little regular pattern of flow in the sectors representing these currents in 
Fig. 42A. The significance lies only in a pronounced southward flow at the 
surface. The variability across the strait is probably a result of wind effect 
although winds were not very strong during the period of observations. It seems 
apparent from these results that a clear picture of the net circulation from direct 
current measurements across the strait can only be gained by averaging at least 
three series of 25-hr. current measurements taken on different types of tides and 
during different weather conditions. 

Current predictions for Active Pass and other channels in the Gulf Islands 
and San Juan Archipelago (Canadian Hydrographic Service, 1949) show currents 
of over 6 knots during large tidal ranges. At some of the constricted channels 
water appears to surge through in a jet stream as shown in the aerial photograph 
of Active Pass (Fig. 57). That these currents have some effect on the circulation 
and considerable effect on mixing at the sills in the Strait of Georgia can hardly 
be questioned. 

The Strait of Georgia can be subdivided into three basic regions according 
to the types of currents existing therein: (1) connecting channels where 
currents are strongly tidal tending to maintain an equilibrium in water level 
between the main basin of the strait and the Pacific Ocean; (2) region influenced 
by the Fraser River water; and (3) main basin of the strait. 
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Fic. 44. A typical current cycle off the Fraser River estuary (Station C, 49° 03.7’ N., 123° 
19.8’ W., depth 146 m.), March 1953. Direction of current was almost due north on flood 
and due south on ebb. 


Station B in Boundary Pass and station F in Discovery Passage, occupied at 
anchor in March and April 1953, are representative of the connecting channels. 
Currents at these locations are in close relation with the tides (Fig. 43) and 
can be predicted for navigation (Canadian Hydrographic Service, Tide and 
Current Tables, 1950). They are essentially reversing, showing little tendency to 
rotate with the changing tide. Although the water in these regions is well mixed 
vertically and is generally regarded as flowing with nearly the same velocity 
from top to near bottom, there is evidence of some bias. Figure 43 for station B 
in Boundary Pass shows the net flow to the south (ebb) in the upper layer and 
the decrease in this tendency with depth. 

Current measurements taken at anchor station C outside the Fraser River 
estuary exhibit the effect of two-layered flow (Fig. 44). At this point, the fresh 
water from the river is directed southward as a jet from the South Arm Jetty, 
ebbing at all times with only minor fluctuations in the speed of the current. At 
subsurface levels, there is a predominant landward flow compensating for the 
removal of salt by the seaward flow of fresh water. 

A typical deep Strait of Georgia current picture is represented by station G 
in Sutil Channel (Fig. 45). Similar data were obtained for the currents in 
Malaspina Strait on the east side of Texada Island and in the channel between 
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Lasqueti Island and Vancouver Island. There is only a very slight relation of the 
currents with the tide as shown by the plot of surface current. Currents at all 


depths are sluggish. 
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Fic. 45. A typical current cycle in Sutil Channel (Station G, 50° 01.1’ N., 125° 05.5’ W., 
depth 256 m.), March 1953. Current directions were variable but predominantly north on 
flood and south on ebb. 


4.4 SEASONAL SEA LEVEL VARIATION AND EXCHANGE BETWEEN THE STRAIT OF 
GEORGIA AND OPEN PaciFic OCEAN 


Mean monthly sea level data have been plotted from published sources 
(Canadian Hydrographic Service, 1951; Association d’Oceanographie Physique, 
1953) and unpublished information (Canadian Hydrographic Service; Coast and 
Geodetic Survey). The seasonal sea level variation in the Strait of Georgia shows 
generally a low in summer and a high in winter (Fig. 46). Superimposed on the 
summer low in sea level is a July secondary maximum. Montgomery (1937) 
discussed a series of eight meteorological and oceanographic causes which 
could be responsible for seasonal variations in sea level. Of these, it is apparent 
that there are five major causative factors for sea level fluctuations in the Strait 
of Georgia: (1) atmospheric pressure; (2) winds; (3) runoff; (4) changes in 
density; and (5) sea level fluctuations in the northeastern Pacific Ocean. 
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The variation of atmospheric pressure at Vancouver Airport and the varia- 
tion of sea level at Point Atkinson bear a striking inverse relation as shown in 
Fig. 46. However, as a purely hydrostatic effect, atmospheric pressure accounts 
for only about one-third of the sea level changes as shown in the composite 
diagram (Fig. 47) for the various measured effects and actual sea level variation. 
A large direct influence on the sea level variation apparently results from 
runoff, Another significant element causing changes in sea level probably stems 
from the dynamics of the atmosphere and its influence on the dynamics of the 
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Fic. 46. Seasonal variation of sea level at stations along the British Columbia coast 
and barometric pressure at Vancouver Airport. 





396 


30 


25 


.20 
. ACTUAL SEA LEVEL AT 
POINT ATKINSON 
| MASS DISTRIBUTION EFFECT 
ON SEA LEVEL (1931) 
Jj 
!5 
> 
WwW 
4 MASS DISTRIBUTION EFFECT 
z ON SEA LEVEL (1980) 
WwW 
w '0 
5 , : GAROMETRIC PRESSURE EFFECT 
L 
x 
in ie alia 
4 
. JAN. FEB. MAR. APR MAY JUN. JUL. AUG. SEP OcT. NOV. DEC. 


1950 


Fic. 47. Relative effects of barometric pressure and mass distribution on sea level in the 

Strait of Georgia. (Barometric pressure measured at Vancouver airport; mass distribution 0 

over 200 db. in 1950 at 49° 17’ N., 123° 37’ W., and O over 400 db. in 1931 at 
49° 16’ N., 123° 47’ W.) 


ocean. In other words, the gradient in atmospheric pressure is responsible for 
gradient winds as well as gradient currents to some degree. The combined effect 
disturbs the equilibrium of normal tidal flow and water can either be piled up 
above normal sea level or withdrawn below normal sea level. Large short-period 
atmospheric pressure changes, as occurred in the Strait of Georgia during May 
and October of 1950, manifested themselves in large short-period sea level 
variations (Fig. 46). In these cases, atmospheric pressure accounted for a large 
portion of sea level changes. This is to be expected inasmuch as a sudden surge 
effect is introduced under such conditions. Groves and Munk, working on sea 
level changes with variations of 2 weeks’ duration have shown that, very roughly, 
something like three-fourths of the observed quick changes in sea level are due 
to atmospheric pressure effects (Munk, personal communication ). 

The effect of winds on sea level has not been too fully analyzed. Quali- 
tatively, however, it has been observed that the periods of high sea level 
accompany periods of southeast winds in the Strait of Georgia. How much of 
the change in sea level is due to hydrostatic effect or the atmospheric pressure 
change, and how much is due to the dynamic effect of gradients in pressure and 
accompanying winds, is unknown. Low pressure in the strait manifests itself in 
southeast winds which have a “piling-up” effect on the water. 
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That the meteorological changes which cause fluctuations in sea level are 
not local to the Strait of Georgia can be concluded from variations of sea level 
at other tidal stations along the coast. The variation exhibited by the tidal station 
at Clayoquot on the west coast of Vancouver Island (Fig. 46) follows essentially 
the same general trend as that observed at Point Atkinson. One basic difference 
is in the magnitude of the variation. The summer low at Clayoquot is much 
lower than that of the inside stations. As shown by Jacobs (1939), sea level 
variations along the California coast are related to the Pacific high pressure cell 
in the northeast Pacific. When this high pressure field is best developed or 
displaced towards the coast, sea level is lowest. Sea level rises when the high 
pressure field is poorly developed and distant from the coast. Along the 
Washington and British Columbia coast the Aleutian low pressure cell imposes 
its influence. This low pressure region is best developed and nearest the British 
Columbia coast in winter. Southeast to southwest winds developed in winter as 
a result of the pressure gradient between the Aleutian Low and the Continental 
High cause a considerable piling up of water along the coast. 

The midsummer maximum in sea level in the Strait of Georgia, as shown 
for Point Atkinson (Fig. 46), is not present in the records of other tidal stations 
in the inside waters, such as at Victoria or Seattle. This maximum appears to be 
characteristic of the large fresh water runoff into the strait during the summer 
months. A comprehensive analysis of seasonal oscillation in sea level on a world- 
wide scale has been completed recently by Pattullo et al. (1955). They showed 
that in low and temperate latitudes, “steric” sea levels, defined in terms of the 
seasonal fluctuation in specific volume, are associated largely with temperature 
fluctuations in the upper 100 m. The high latitude conditions were indeterminate 
in their analysis. From the sea level fluctuations in the strait it is apparent that 
lowered salinity due to large runoff can be significant in changing sea level. The 
difference in sea level between an estimated seasonal curve without the fresh 
water effect, as at Victoria, and the actual curve for Port Atkinson sea level, 
checks reasonably well with the difference in sea level from mass distribution 
variations of fresh water in the strait computed in Section 7 on the fresh water 
budget. 

As a consequence of the difference in sea level between the open Pacific 
coast and the Strait of Georgia, water exchange between these areas can be 
affected considerably. The bench marks of tidal stations in British Columbia 
have been connected in a network of precise leveling. All datum planes of 
individual stations (Datum of Lowest Normal Tides) have been referred to the 
Canadian Geodetic Datum which is based on mean sea level at a number of 
tide stations on both coasts of Canada (Canadian Hydrographic Service, 1951). 
Moreover, a common Geodetic Datum is used by both Canadian and United 
States tidal stations in the Pacific Northwest Region (Knox, Acting Director, U.S. 
Coast and Geodetic Survey, personal communication). This has facilitated the 
evaluation of sea level variation along the coast referred to a common plane. 

Seasonal sea level differences between stations along the British Columbia 
coast for 1950 are portrayed in Fig. 48. The difference in sea level between Point 
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Fic. 48. Seasonal variation of sea level difference between stations along 
the British Columbia coast. 


Atkinson and Clayoquot is at its greatest in summer. However, there is always 
a downward slope of the sea surface from the Strait of Georgia to the open 
ocean. Using the sea surface as a known reference surface, it is possible to 
evaluate the level isobaric surface in the water mass from the strait to the open 
Pacific Ocean. A typical deep station in the strait has been chosen for evaluation 
of seasonal changes in dynamic height for 1950 as represented in its effect on 
sea level in Fig. 47. Because of a lack of oceanographic data in Juan de Fuca 
Strait and offshore for 1950, it has not been possible to carry out similar 
computations outside the Strait of Georgia for 1950. However, seasonal data at 
one station in Juan de Fuca Strait (48° 16’ N., 123° 04’ W.) for 1953 and at 
one station offshore (48° N., 127° W.) made up in a composite picture from data 
taken 1952 to 1953 (University of Washington Department of Oceanography, 
unpublished data) have been used. The time and position of stations and 
computed dynamic heights for the three locations are given in Table IV. It has 
been assumed that the year-to-year variations in Juan de Fuca Strait and 
offshore are not so great as to render the use of 1952 and 1953 data from these 
locations with 1950 data in the Strait of Georgia completely invalid. 

Some of the year-to-year variations of dynamic height in the Strait of 
Georgia can be learned from a comparison of 1931 and 1950 data. Taken from 
0 to 200 db., the maximum difference of 0.09 dyn. m. occurred in December. A 
relatively large difference of 0.05 dyn. m. also appeared in July. Compared to 
these differences, offshore data given in Table IV-C show a variation from the 
year 1952 to 1953 of nearly 0.04 dyn. m. in May, taken 0 over 200 db. The 
variation for August over the same period was considerably smaller with less 
than 0.01 dyn. m. Part of the variation must be attributed to the regional 
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TaBLe IV-A. Dynamic height anomalies for Strait of Georgia stations 
applied in evaluating seasonal slopes of isobaric surfaces. 


Dynamic Height Anomaly 
Position (Dyn. MM) 0 


— 


Stn. 

Moe Date Let. MN. Long. ¥. 50 100150200 
52 5 Deo.49 8 49°17' 125°57'° +2658 4420 .6016 .7522 
38 12 Jan.50 =. 4918.0" 123°45 5! +2528 .4687 .6739 .8697 
33h Feb.50 =. 4916.8! 123°36.0! +2490 4562 .6569 .8507 
32 18 May 50) 49°16.8' = 123 935.6! +2535 «4750 6859 .6898 
32, ah un. 50 4 9°16.7' 123°36.! -3085 65313 7430 48S 
32 6 aug.50 =. 49°16.7' 123955 .6! °3397 +5727 +1799 6972 
32-13 Sep.50 = 4916.6! 123935 .8! +2959 «5272 «7389 .995 
34 2 Deo.50 49°16.6' 123°36.2' +2687 .4923 .7019 .9012 
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Tas.e IV-B. Dynamic height anomalies for Juan de Fuca Strait 
stations applied in evaluating seasonal slopes of isobaric surfaces. 


Position Dynamic Height Anomaly 
Stn. (Dyn. Me) O Over 
No. Date Lat. N. Long. W. 100 150 


407 17 Deo.52 48°15.6' 123°03.9! +1625 .3251 .4867 
474 27 Jan.53 = 4415.6" = 123°03.4! 02065 .4014 5688 
532 9 Feb.53 48°15.6' 123°O4.3! +2126 3907 .5497 
588 19 Mar.53 = 4815.9! 125°04.1! +1450 2883 «4250 
625 15 apr.53 4815.9" 1259036! +1863 3605 5015 
707 19 May 53 4815.7" =123°04.8! 2055 .3616 .5008 
13 18 Jun.53 4816" —:123°05' +2028 .3610 .4880 
787 16 Jul.53 4815.8" = 123°03.4! +2227 .3608 .5082 
88 19 aug.53 48°16! 123°! +2031 3239 .4214 
1011 24 Sep.53  48°15.7' 123°O4.1! +1915 3568 .48h2 
1117-18 Nov.53. 4815.4" = 123°03.0! +1857 3596 «5353 
18 8 Deo.53 48°15.5' 123°03.2! ©1987-3812 5336 
46-32 13 Jan.54 = 4815.6" = 123°04.0! +2187 «4327 6357 





TasLe IV-C. Dynamic height anomalies for northeast Pacific offshore stations, 
applied in evaluating seasonal slopes of isobaric surfaces. 


Dynamic Height Anomaly 


Position « Me) O Over 
Stn. 
No. Date _ Let. ong. W. __150Db 200Db » 1000Db 1500Db b 
> 14Mer52 47°52.5' 126°17.0'  .3422 .4206 .6034 1.2648 1.6519 
56 SMay52 49°%02' 127°25! +3375 «4116 .7852 1.2488 1.6017 1.8922 
125 4Jul52 46°52' = 127°57' 3707 -4476 «7968 1.2650 1.6426 1.9501 
175 19aug52 48°33" = 12647" +3951 4753 .C4%6 1.3113 1.6660 1.9400 
674  YMay53 48%2.1 127°12.0' .3678 -4478 .629% 1.2916 1.6478 1.9568 
768 4Jun53 49°03.8' 127°27.9' 3868 .A64K -B449 1.5095 1.6695 1.9685 
B45: 13aug53 = 48%19.8' 126935.0' .3956 .4682 .8450 1.5065 1.6627 1.9557 
965 129ep53 47°00.0' 127940.6' 4213 .5055 .9191 1.3862 
56-27 3May54 47°35.7' 126900.0' 4027 -4845 .8687 1.2293 
62-14 2aJun534 48°21.2' 127°03! -3775 -4584 8395 1.2918 
67-16 1600t54 47°54' 126%06! +3890 .4656 .8887 1.3910 1.7670 
80-7 SJen55 47°15.8 127%.9' 03625 4386 .8152 1.2756 1.6150 1.9035 


variability inasmuch as stations were not occupied at exactly the same position 
during each survey. Year-to-year variations in Juan de Fuca Strait are shown for 
December and January in Table IV-B. Dynamic height anomalies differ by less 
than 0.05 dyn. m. from December 1952 to December 1953 and from January 
1953 to January 1954, computed 0 over 150 db. The variations of mass distribu- 
tion from year to year, in the localities considered, render the slopes of the 
isobaric surfaces given here as only partially significant. 

The differences in elevation of the isobaric surfaces referred to the level 
isobaric surface are given in Table V. A representation of the winter and summer 
isobaric surfaces, Strait of Georgia—Juan de Fuca Strait-offshore, is shown in 
Fig. 49 and 50. Above the level isobaric surface, the pressure surfaces slope 
down from the Strait of Georgia toward the sea. Below this level surface, the 
pressure surfaces slope downward toward the Strait of Georgia. It is quite 
apparent from these results that the level isobaric surface undergoes a large 
seasonal variation in depth. During the summer of large runoff from the 
Fraser River and large difference in sea level from Point Atkinson to Clayoquot, 
the level isobaric surface is at a depth of 50 to 75 m. which is probably 
comparable to the depth of no net motion. However, this depth is considerably 
less during winter when the runoff and sea level difference are small. The 
reliability of the depth of level isobaric surface calculated for this period 
is reduced and may not be within experimental error. The shallowness of 
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the level isobaric surface would imply that either the layer of seaward flow 
is very shallow, varying in thickness from 5 to 10 m., or that certain forces 
actually move the water up the sloping isobars. Because the fresh water runoff 
is mixed to considerable depth. in winter, the second alternative seems more 
realistic. 


TaBLe V-A. Difference in elevation of isobaric surfaces in the Strait of 
Georgia and Juan de Fuca Strait referred to the level isobaric surface. 


> 12 24 28 2h - 13 2 1S 


Depth Des. Jen. Peb. May Jun. Aug. Sep. Des. Jan. 
mM. 49 50 50 50 50 50 50 50 51 
centimetres 


© 3.95 +0015 0.40 -7.56 -10.98 -9.55 -5.49 -3.05 -1.40 

5 -1.83 0.46 0.70 6.50 6.16 -7-14 -2.84 -1.80 0.34 
10-0621 1.07 1.62 -5.82 -4.45 -b.9% -1.07 -0.61 2.04 
20 2616 02-22 265 -H.8H 0-53.02 -1-7H 16101619 4 
300 ALT) 30232096 Hel «= 2007) 0022 2055 2TH 5 
50 6659 4.60 3.32 -2.68 0.18 4.39 5619 4.09 6.7% 
7 7026 5.52 4.27 -1.10 2.53 9-70 E11 5-8 7-61 
100-7099 6.71 6629 1677 6040 15.90 11-91 8.30 9-03 
150 7.78 8.5% 10.55 11.16 15.05 27.02 20.55 14.15 10.68 





TaBLe V-B. Difference in elevation between isobaric surfaces in Juan de 
Fuca Strait and northeast Pacific offshore referred to the level isobaric 
surface. 


wT ae ae ae a | ee eee 
Depth Dec. Jen. Feb. May Jun. Aug. Sep, Des, Jan. 
ce i I er a eel cee Rear ey 
centimetres 
0 3.54 -%.08 -1.25 -8.72 ~-9.57 -9.97 -9.00 -0.52 <-2.41 
5 3035-2032 027-7678 -9015 -9027 -9-15 -0-52 -1.59 
10 3.20 -1.59 0.67 6.89 -8.72 -8.69 -9.33 0.55 -0.76 
20 -2.86 -0.31 2-50 -5e21 =-769% <7+77 =9+73 0-52 0-73 
30 -2.56 0.82 4.28 -% 72 -7.07 -7.23 -10.12 0.34 2.16 
50 -1.92 5.02 7-41 -1.08 5-12 6.59 -9.60 1.31 4.97 
75 0.54 6.31 10.45 2.10 -2.92 -+6.37 -7-60 4.54 9.21 
100 2.22 10.45 13.18 4.79 -1.10 6.55 -5.64 7.56 14.32 


150 9-15 20.02 19.90 7-96 2.41 -7-07 -2.59 13.02 25.43 
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OFFSHORE JUAN DE FUCA ST. ST. OF GEORGIA 
48° N;\27°W 48° 16'N; 123° 04'W 49°17'N; 123°37'W 
‘ Ls. 


o 6 
ISOBARIC LEVEL DIFF. — cm. 


DEPTH — METERS 





200 


Fic. 49. Slope of isobaric surfaces, Strait of Georgia—Juan da Fuca Strait- 
offshore, January. (L. I. S. = level isobaric surface ). 


From a tidal current study carried out on Juan de Fuca Strait, Herlinveaux 
(1954) calculated a mean annual depth of no net motion. He found it to vary 
from less than 30 m. on the south side of Juan de Fuca Strait to more than 90 m. 
on the north side with a depth at mid-channel of about 60 m. These depths are 
computed on the basis of the tide predictions (U. S$. Coast and Geodetic Survey, 
1949a) and currents predicted by a method developed by Herlinveaux from 
current measurements obtained in October 1952. The mid-channel depth of no 
net motion at 60 m. checks rather well with the depth of the level isobaric 
surface evaluated here for the summer months. 

The large sea level difference which exists in summer between the Strait 
of Georgia and the open Pacific coast permits a more rapid outflow of fresh 
water than would normally occur. Hence the accumulation of fresh water, which 
might otherwise result, is reduced. On the other hand, the small difference in 
sea level during the winter months reduces the depth of the level isobaric 
surface and the water presumably has to flow uphill near the surface. 
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Fic. 50. Slope of isobaric surfaces, Strait of Georgia-Juan de Fuca Strait- 
offshore, June. (L. I. S. = level isobaric surface. ) 


If the grouping of data for different regions from different years can be 
regarded as giving a representative picture, there appears to be a variation in 
depth of level isobaric surface from the Strait of Georgia to offshore. The 
difference in depth between the level isobaric surface from the Strait of Georgia 
to Juan de Fuca Strait and that from Juan de Fuca Strait to the Pacific offshore 
suggests that there is a break in the continuity of the system. Whether the depth 
of this surface undergoes small changes at frequent intervals or a sudden jump 
at one or two points is open to question. However, it could be intuitively 
reasoned that this change occurs primarily in the channels of the San Juan 
Archipelago. More stations taken synoptically would be necessary to support 
this hypothesis. 

The slopes of the isobars represent a driving force for the circulation. 
Opposing this flow of water down the slope of the isobars are forces of friction. 
The frictional forces are mainly those of horizontal eddy viscosity. External 
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agencies which contribute to the frictional forces are represented largely by 
wind stress on the sea surface. The extent of these forces is unknown. Their 
quantitative evaluation is outside the scope of this work. 

Mean monthly sea levels at points along the coast referred to a common 
plane provide an excellent tool in determining slopes of isobaric surfaces. For 
a rigorous evaluation of slopes it would be necessary to have actually or nearly 
simultaneous oceanographic stations along the section in question. Results 
obtained in this study are only qualitative. For a quantitative study, data should 
be taken more with an eye toward such application. 


4.5 HortzonTaAL CircuLATION PATTERNS INFERRED FROM Mass DisTRIBUTION 


Because of accelerations and frictional forces associated with river runoff 
and consequent mixing of fresh and salt water, the applicability of dynamic 
computations for quantitatively evaluating currents in an area such as the 
Strait of Georgia has always been questioned. However, there has often been 
some speculation as to the validity of applying mass distribution for at least 
a qualitative representation of currents. Although dynamic computations have 
been carried out in the past with some reserve on certain inshore areas to 
evaluate currents (Doe, 1952), no effort has ever been made to evaluate the 
limitations of such computations. 

Cameron (1951) showed the relationship of seaward flow of surface water 
as a gradient current calculated from dynamic heights to the actual measured 
runoff at the mouth of Portland Inlet, British Columbia. There was reasonable 
agreement of direction and approximate magnitude between measured and 
computed currents based on a level of no net motion at 27.4 m. (90 ft.). Cameron 
pointed out that the apparent balance of Coriolis force with the geopotential 
slopes of the pressure surfaces occurs only on the average. The fact that they 
do approximately balance suggests that they are the only significant transverse 
forces in inlets of this type. Longitudinal forces are possibly more complex as 
a result of frictional forces and pressure gradients occurring in the direction of 
mean flow. 

Pritchard (1952b), in intensive work on Chesapeake Bay, showed that 75% 
of the Coriolis force associated with the mean longitudinal flow is balanced 
by the lateral pressure gradient related to the salinity gradient. 

The following conditions encountered in the Strait of Georgia may make 
flow derived from dynamic heights untenable with the actual circulation: 


(1) Outflow of fresh water from the rivers is associated with a gradient in salinity 
as the fresh water mixes seaward; hence a pressure gradient is set up in the direction of 
mean flow. The extent to which frictional and inertial forces balance this pressure gradient 
is unknown. 

(2) Tidal oscillations introduce short-period accelerations and pressure forces besides 
influencing the direction and magnitude of the currents. 

(3) Internal waves, whose probable occurrence in the Strait of Georgia has been shown 
by Shand (1933), have an undetermined periodic effect on the vertical distribution of 
salinity and temperature and, hence, on dynamic height. 
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(4) The non-periodic effects of wind and varying runoff introduce additional factors 
superimposed on the daily periodic influence of the tide. 

(5) Bottom topography and lateral boundaries result in an important frictional effect 
and greatly influence the rate and degree of turbulent mixing. 

(6) The level of no net motion to which velocities derived from dynamic computations 
must be referred is of utmost importance in an inshore area such as the Strait of Georgia. 
Strong currents measured near the bottom (Pickard, 1956) rule out the use of maximum 
depth as this reference level. Recourse must be made to some established reference level 
such as mean sea level measured on either side of the strait as well as somewhere near the 
middle. Unfortunately, this has not been feasible in this strait. 


Some idea of the seasonal variation in factors which render an unsteady 
state in the Strait of Georgia can be gained from the seasonal variation of 
dynamic height at a centrally located station. 

Dynamic heights for a deep station in mid-Strait of Georgia have been 
calculated with reference to the 400-db. pressure surface from seasonal observa- 
tions made in 1930 to 1932 (49° 15’ N., 123° 47’ W.) and with reference to 
the 200-db. pressure surface from seasonal observations made in 1949 to 1951 
(49° 12’ N., 123° 43’ W.). These variations have been plotted in terms of their 
effect on the rise in sea level in Fig. 47. The mean monthly sea level variation 
is plotted in the same Figure. Unfortunately no 1932 sea level data are available 
for Point Atkinson. The effect of large summer runoff in raising the sea level 
is quite apparent in both curves representing the seasonal variation in mass 
distribution. This shows up quite prominently as a midsummer maximum in 
actual sea level measured at Point Atkinson. The high winter sea level observed 
at Point Atkinson is attributed to factors other than runoff and these have been 
discussed previously. Variations in fresh water, however, may superimpose a 
secondary fluctuation. The seasonal variation gives roughly an average trend 
where tidal effects have not been considered. 

Diurnal variation in dynamic height anomalies owing to tidal influence is 
shown in Fig. 51 for a station in the well-mixed region of Boundary Pass, one 
outside the Fraser River estuary, and one in the deep water of Sutil Channel 
at the northern extremity of the Strait of Georgia. These anchor stations were 
occupied over 24-hr. periods during March and April 1953. Hydrographic casts 
were made at 2-hr. intervals. The diurnal effect of tides on the mass distribu- 
tion, referred to the 150-db. surface, amounts to as much as 5 dyn. cm. In each 
case, except at the northern station, the ebbing tide permitted the fresh water 
to flow out at the surface giving a lighter water column and, hence, greater 
dynamic height referred to the same reference isobaric surface. On the flood, 
an invasion by deep saline water reduced the dynamic height. It is of interest 
to note that, of the three stations represented, the largest diurnal change in 
mass distribution occurs in Boundary Pass. This is a reasonable result and what 
might be expected, inasmuch as the whole water column is interchanged on 
the tidal cycle. In both the region off the Fraser River estuary and in the 
Northern Strait there is little diurnal change in properties of the deep water. 
This is reflected in the small diurnal variation in mass distribution. 
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DYNAMIC HEIGHT ANOMALY — DYNAMIC METERS 
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Fic. 51. Tidal effect on mass distribution 0 over 150 db. in Boundary Pass (Station 
B), off the Fraser River estuary (Station C), and in Sutil Channel (Station G), 
March 1953. 





TaB.e VI. Variation of dynamic height anomalies in dynamic metres 

for groups of three stations taken on different tidal stages at the 

same locations in the Strait of Georgia, 22 September—4 October 1952. 
(See track charts, Fig. 28, for station locations. ) 


SaaaeaeeooooooooaaaaaaaaaaBaaEanaeaem—aEaeaoaoeoeeeeeeaeaeaoaoaoaoaoaoaoaoaoaoaoaoaoaoaBBomapEaBBaaa=>EaEaaoaoaoaoaoao————E ||! = 


Refer ance -~STATICN— 
Pr essure 
Surfece-Db. 4 100 48 10] 104 4 10210 


50 22808 12826 .3309 .2795 .2812 .2767 2886 .2646 .2508 
100 5073 .5050 .5572 508 .5101 .5036 =. 5446 5178 4 7RS 
- °7158 .7110 .7666 .7211 .7219 .7106 .7828 .7448 .6850 


e 66. . hy * * * 1.0036 * 886 
50 106121 51 107__110 52 108 _09 


50 +2884 .3063 2.2916 .2827 .3013 .2824  .2806 .2547 .2639 
100 +5149 .5290 .5121 .5070 .5263 .5043  .5207 .4757 5464 
150 +7281 .7374 .7191 7152 .7348 .7118 .7398 .6904 .7560 


200 . . 918 29170 . 911 +9651 . . 

1141 11 116 112,12 
50 22843 .2636 .2677 2692 »2857 -2737 3027 .2887 .2856 
100 °5179 .4887 .4947 .4966 .5105 .4966 5643 .5052 .4978 
150 ©7302 «6979 .7070 7086 .7403 .7017 8105 ---~ .6994 
200 +9125 . +9002 

11812 ll 126 8 20,1 
50 22813 .3003 .2943 .315% .2953 .2880 .2918 .2914 .2982 
100 wom «65146 65117) 0 «5436 65123 65058 £5214 15136 .5228 
150 +7495 .7136 .7120 = .7337 «7208 .7308 
200 e 29208 .950 

12 124 60 122.12 61 131132 
50 +2620 .2781 .2950 .2760 .2664 .2743 .2601 .2998 .2644 


100 +5126 .5032 .5446 5068 «4891 .5020 
150 +7208 .7150 .7530 .7124 .69¢4 -—~ 





* 8 * 1 * 

62.130: 1 6 12 1 Cs) 126 1 
50 22878 2.2984 .2855 ©3099 2733 »2777 03152 22739 .267% 
100 +5162 .5228 .5063 +5362 .4977 .5038 5434 04939 4884 
150 ©7271 .7325 .7136 +7447 27060 7128 +7523 .6976 .6950 
200 ° 29358 .914 29456 .9052 .911 

6 138 (1 66 1 4o 136 —142 
50 +2909 .3088 .3001 23049 .2926 .2950 23066 .2812 12763 
100 25219 .5387 5297 25386 .5172 .5239 5265 .5005 .4928 
150 +7304 27474 27411 °7700 .7252 .7381 w--- 27280 6955 
200 . * 8 * 2 * 8 

142 44 6 4 146 68 14h 34 

50 02923 .2619 .2512 +2741 «2868 .2972 +2604 3414 3285 
100 25102 .4894 ---= 04961 .5138 .5213 +4819 .5753 .5517 
150 
200 

10 —s 4 1 12 151-152 
50 +2945 49359 22410 02931 «2725 -2801 23215 03259 03147 
100 +5241 .7106 .4692 +5239 .4959 .5040 +5631 <--- 25321 
150 +7231 .7036 .7080 
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Fic. 52. Geopotential topography from dynamic height computations for the Strait of Georgia 
Survey, Series I, 22-26 September 1952. Dynamic height anomalies 0 over 150 decibars. 


The question arises as to the validity of circulation derived from mass 
distribution calculations made on a normal “synoptic survey” in the Strait of 
Georgia. During the period September 22 to October 4, 1952, a synoptic survey 
(Series I) was conducted in the strait with 70 stations occupied in about 90 
hours. No consideration was given to schedule the stations for a particular stage 
of tide. During the following week 28 of the stations in the region of major 
river influence were re-occupied on both the flooding and ebbing stages of 
the tide. Figure 28 shows the positions of the stations, Fig. 26 the tidal stages 
upon which some of them were occupied. The tides during the latter week had 
only small diurnal inequality. The variation of dynamic heights calculated with 
reference to the 50-, 100-, 150-, and 200-db. pressure surfaces is shown in Table VI. 
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There is little question that the diurnal variation in dynamic height can 
exceed the cross-channel variation. For a particular survey, it is possible to strike 
upon a reasonable geopotential topography as shown in Fig. 52 for Series I. 
Maximum currents are considerably greater in this analysis (50 cm./sec.) than 
they actually are when measured as residual currents. An analysis of the tidal 
cycles shows that the stations were occupied on tidal stages which would provide 
the given picture purely on the basis of tidal effect. 

The conclusion which may be drawn from this analysis is that a series 
of observations is required at a particular station to give the average dynamic 
height for that locality. Only in this way can a reasonable picture of circulation 
be deduced from the mass distribution. Regions of large fresh water concentration 
such as the Fraser River estuary will always show a pressure gradient along the 
direction of outflow of river water, so that the true net circulation is obscured. 
Regions of turbulent mixing in the Southern Strait exhibit an extremely non- 
stationary state with large frictional forces, so that dynamic heights will not be 


applicable normally for flow evaluation even if averaged over several tidal 
cycles. 


46 IseENTROPIC ANALYSIS 


The principle of isentropic analysis, namely the study of changes of proper- 
ties on a surface of constant entropy, was first applied in meteorology. Accord- 
ing to Rossby (United States Department of Agriculture, 1941, p. 639), the 
significance of the atmospheric isentropic surface is as follows: 


As long as parcels of air move without appreciable change in heat content, they must 
remain within one and the same isentropic surface. Thus, to the extent that this assumption 
can be fulfilled, it can be said that by studying charts of the same isentropic surface for two 
consecutive days, it is reasonably sure that the same parcels of air are being dealt with. This 
would not be the case if the charts for fixed upper levels were studied, since air may rise 
or sink through a fixed horizontal plane. 


The characteristic feature of the isentropic surface in the atmosphere is 
that air masses can be interchanged or mixed without changing the temperature 
and pressure distribution and hence altering the distribution of the mass. For 
this reason, the motion of air masses can be traced along the atmospheric 
isentropic surface. 

Montgomery (1938) under Rossby’s direction applied this principle to a 
study of the circulation in the upper layers of the north Atlantic Ocean. In 
place of the potential temperature surface as the “isentrope”, he chose the 
potential density surface which in the oceans is closely approximated by the 
o; surface. The plotting of specific humidity on a potential temperature surface 
used in atmospheric study was replaced by plotting of salinity and dissolved 
oxygen concentration on a o; surface in the sea. No surface exists in the ocean 
(except in the case where temperature and salinity surfaces coincide with the 
level surface) along which interchange or mixing of water masses can occur 
without some change of mass distribution and, hence, change in potential energy 
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and entropy. The o; surface is one along which the least change in entropy 
occurs as water masses are interchanged or mixed. Sverdrup et al. (1946, p. 416) 
apply the term “quasi-isentropic” to the o; surface. To be rigorous one must 
consider the increase in temperature due to adiabatic compression. In other 
words, the potential temperature of the water should replace the temperature 
in situ. 

Fundamentally, the procedure is to study the distribution of identifying 
properties (salinity, temperature, and dissolved oxygen) along a o; surface. 
The hypothesis is followed that the waters found anywhere on a og; surface are 
mixtures of waters originating at the intersection of the o; surface and the sea 
surface only. Thus, the effects of dilution by runoff, insolation, and vertical 
mixing are only secondary to lateral mixing. 

In the Strait of Georgia, remote from the vertically mixed areas in the 
channels, it should be possible to study the circulation in the deep water with 
the aid of isentropic analysis. Generally, the deviation of the o; surface from 
the potential density surface is small because pressures nowhere exceed 1000 db. 
The deep water (below 50 m.) found on a o; surface is a mixture of the waters 
encountered in the vertically mixed region at the southern channels where the 
o; surface intersects the sea surface. It has been shown previously in the discus- 
sion on T-S relationships that mixing in the southern channels occurs across 
isopycnals, but that the outflow into the basin of the strait follows the isopycnals. 
Consequently, the use of isentropic analysis can only be considered valid when 
removed from the mixing areas. Judging from the seasonal trend of the tem- 
perature and salinity structure of the deep water mass, vertical mixing in the 
deep water of the Strait of Georgia basin is probably small compared to lateral 
mixing. Isentropic analysis is best suited for study of deep water circulation 
in the strait during the transitional periods in climatic conditions. The intrusion 
of cold dense water from the mixing region can be observed along isentropic 
surfaces in late autumn and early winter. Cooling of the surface waters results 
in the inflow of cold water along o; surfaces from the Southern Strait, Formation 
of a warm dense water occurs in late summer because of the intrusion of highly 
saline water from the Pacific Ocean. Its movement can be followed in tongue- 
like intrusions of warm, saline water along the deep o; surfaces. The dissolved 
oxygen distribution along the deep o; surfaces shows the near-saturation concen- 
trations in the source regions of the deep water being reduced to low concen- 
trations in the middle of the basin. Because dissolved oxygen is a non-conservative 
property, some of the details of its distribution on a o; surface, far removed from 
the mixing area, may not correspond to the distribution of the conservative 
properties, salinity and temperature. 

The , = 23.5 surface has been chosen for the purpose of isentropic analysis 
in this study. Densities this high are encountered at almost all stations through- 
out the year. Moreover, this o; surface is deep enough so that it is removed 
from the erratic effect of surface influence. Arrows in the charts show the inter- 
pretation of flow according to the method employed by Montgomery (1938). 
In plotting flow along the o;-surface topography, the convention has been followed 
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that the gradient current is parallel to the contours and that flow is cyclonic 
about domes and anti-cyclonic about depressions. From the distribution of 
variables on the o; surface, flow patterns have been based on the concept of 
intrusion of tongues of cold or warm water or of water rich or poor in oxygen. 
On some distributions arrows have been drawn along the current axes, but 
usually the arrows follow the axes of tongues. There may appear to be some 
arbitrariness in the crossing of contours or setting up of divergent flow patterns. 
These have been established from a smoothing of each set of three distributions 
in order to maintain a consistent flow pattern. In cases of divergence of flow, 
the three-dimensional effect must be kept in mind, where water not only flows 
horizontally but rises or sinks along the o; surface. 

A typical late-summer to early-autumn situation is represented by the survey 
of September 1952. The temperature and o; distribution are shown in longitudinal 
section in Fig. 30 and 31. Intrusion of warm water from the south along the 
o, surface is quite notable at this time. The isentropic charts of depth, tem- 
perature, and dissolved oxygen distribution on the +, = 23.5 surface are shown 
in Fig. 53. Since salinity distribution is essentially parallel to the temperature 
distribution, it has been omitted. The isentropic chart of temperature shows 
several noteworthy features, There is nearly a 2-degree C. difference in tempera- 
ture between the northern and southern ends of the Strait of Georgia. The 
warm water appears to hug the mainland shore in accordance with the general 
concept of the circulation. A vertical tongue of cold water shown in the section 
manifests itself as a cell in the central part of the strait. This is apparently a 
relic of cold winter water around which there has been some form of circulation. 
The region of largest gradient occurs on a line running from almost the northern 
end of Gabriola Island through to Lasqueti Island and terminates beyond the 
northern end of Texada Island. This appears to be the limit of the horizontal 
intrusion of warm water up to that time. As shown in the temperature section 
(Fig. 30), there is almost a vertical wall of temperature transition where the 
8° C. water meets the 9° C. water. The greater penetration on the mainland 
side of the strait is indicated by the obliqueness of the line. The isentropic 
chart of dissolved oxygen reveals the general features of the distribution to be 
similar to that of temperature. Dissolved oxygen concentrations are highest in 
the southern part of the strait and are greater along the mainland side than 
they are along Vancouver Island. The details of the distribution are in consider- 
able variance with the temperature. This is understandable inasmuch as the 
survey follows the period of greatest biological activity both near the surface 
and at depth. 

The transitory late-winter to early-spring condition is represented by sections 
of the distributions of properties in Fig. 33 and 36 for the March 1953 survey. 
This period is characterized by the penetration of cold water (about 7.5° C.) 
into the deep basin of the Strait of Georgia. Isentropic charts of temperature 
and dissolved oxygen on the o; = 23.5 surface are shown in Fig. 54. Again the 
flow from the south generally hugs the mainland side of the strait, whereas the 
outflowing water bears along the shore of Vancouver Island. A cell of cold water 
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can be observed in the mid-strait region. As previously, the dissolved oxygen 
distribution follows a trend similar to that of temperature with the highest 
oxygen values in the Southern Strait. Nowhere are oxygen concentrations as 
low as those observed in the September 1952 survey. The cell of high oxygen in 
the mid-Strait of Georgia region suggests that the water had been near the 
surface not too long previously. Such a condition could only arise if there had 
been vertical advection or mixing locally. This is possible judging from the 
evidence of low temperature and low salinity in the same region. 


4.7 Revative INFLUENCE oF CoRIOLIS AND CENTRIFUGAL FORCES IN THE 
SOUTHERN APPROACHES TO THE STRAIT OF GEORGIA 


Water flow through Juan de Fuca Strait and the San Juan Islands follows 
a curved course. It can be assumed, therefore, that there is a certain centrifugal 
force effect. This is apparent in the duration and velocity of ebb and flood 
currents through Haro and Rosario Straits. For example, % n. mi. west of 
Burrows Island in Rosario Strait, according to the Current Tables (Coast and 
Geodetic Survey, 1949b), the ebb begins 5 minutes after and the flood begins 
2 hr. 20 min. before that in Admiralty Inlet. The velocity curves are not sinusoidal 
because of this time displacement. 

There are no complete direct current measurements from Rosario Strait 
to give the average currents over several tidal cycles. However, the data obtained 
during the March 1953 Strait of Georgia survey and during other short-period 
surveys by the University of Washington indicate that the mean flood is about 
110 cm./sec. (2.1 knots) and the mean ebb is about 90 cm./sec. (1.7 knots), 
which checks with the predicted currents. 

The forces which are presumably in balance in this curved flow are Coriolis 
force acting to the right of the direction of flow and centrifugal force exerting 
its impact outward from the center of curvature opposed by the pressure 
gradient of the surface slope. This can be expressed as a quadratic equation for 
current velocity, 


2w sing v4 = 19 (1) 


where w is the angular velocity of the earth’s rotation, ¢ is the latitude, r is the 
radius of curvature of the flow, i is the slope of the sea surface, and g is the 
gravitational acceleration. The radius of curvature of the flow has been 
measured off a chart as 38 km. (20.5 n. mi.). An evaluation of the lateral 
slope of the sea surface in Juan de Fuca Strait can be made from simul- 
taneous sea level measurements on both sides of that strait. With the exception 
of Neah Bay, which has a 20-year record of tidal measurements, sea level 
data directly across from Victoria are scattered. It has been possible, how- 
ever, to obtain simultaneous measurements for Victoria and Port Townsend 
for one year during 1952 and 1953 (Coast and Geodetic Survey, unpublished 
data). The mean monthly sea level differences have been evaluated and an 
average of 7.16 cm. (0.23 ft.) has been obtained, Port Townsend having the 
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TapLe VII. Mean monthly differences in sea level across Juan de Fuca 
Strait, Victoria to Port Townsend, and computed mean tidal current 
velocities, centrifugal force, and Coriolis force. 


Mean (a) ———E 
Tidal Net 
Sea Level Ourrent Centrifugal Seaward Coriolis 


Difference Velocities Fore Ourrent Force 
Sacecttsio™> 














Ft. om. on/ses. em/seo. om. 800. 7x10 

Jen.53 0.26 7.92 T5.4 1.49 081 8.78 
Feb.53 0.33 10.06 &.0 1.89 088 9-60 
Mer.53 0.30 9-14 €1.1 1.72 089 9.69 
Apr.53 0.26 7.9% TS of 1.49 +107 11.68 
My 53 0.26 7.8 75.4 1.49 315 34.3 
Jun.53 0-20 6.10 66.1 1.15 697 76.0 
Jul.53 0.25 7-62 74.0 1.43 485 52.9 
Aug-52 0.18 5.49 62.6 1.03 +243 26.4 
Sep.52 0.19 5-79 64.5 1.09 +158 17.2 
Gst.52 0.22 6-71 79.4 1.26 +156 17.2 
Nov.52 0.28 &.53 78.1 1.60 167 18.1 

52 0. 2 64. 1.0 el 20.2 
MEAN 0.24 7.42 71.6 1.39 0.231 25.17 


® actually root mean square (R.M.3.) tidel current velocities. 


higher sea level (Table VII). The greatest difference was 10.1 cm. (0.33 ft.) in 
February and the smallest difference was 5.48 cm. (0.18 ft.) in August. 

To apply equation (1) to determine the current velocity, it would be 
necessary to consider only one stage of the tide where the current is either 
flooding or ebbing. Mean monthly values of sea level difference average out 
the ebb and flood tides. Consequently the effect of Coriolis force, which acts 
to the right of the direction of flow, only exists to the extent of its effect on the 
net flow of fresh water seaward. On an average monthly basis, therefore, equation 
(1) can be reduced, in the first approximation, to the case of a balance between 
centrifugal force and the pressure gradient caused by the sloping surface, 


vs ig. (2) 
In this form average currents (root mean square values) have been evaluated 
for each month for different values of i and are tabulated in Table VII. The 
maximum and minimum currents evaluated, 85.0 and 62.6 cm./sec. respectively, 
are well within the range obtained by direct current observations in Juan de 
Fuca Strait (Herlinveaux, 1954). 
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Applying the mean value of current calculated above, 71.6 cm./sec., the 
relative effects of Coriolis force and centrifugal force have been determined. 
Coriolis force amounts to 7.79 « 10-% cm.sec.—? whereas centrifugal force is 
only 1.35 X 10-% cm.sec.—*, which is about 15% of the total force. Thus on a 
mean monthly basis the centrifugal force may be the important factor in sea 
level difference, since it always acts in the same direction. A measure of the 
net flow seaward is required for a comparison of the two forces. On a tidal 
basis however, Coriolis force is dominant, being almost six times as great as 
centrifugal force. It is of interest to check the difference in sea level between 
Port Townsend and Victoria during flooding or ebbing current. Using the current 
velocities computed from (2), the slope of the sea surface caused by both 
centrifugal and Coriolis forces has been computed from (1). An average current 
of 71.6 cm./sec. through the Strait gives a sea level difference of 30.2 cm. 
(0.99 ft.) between Port Townsend and Victoria. 

In his analysis of the tides of the Strait of Georgia-Juan de Fuca Strait 
system, Redfield (1950a) noted the anomalous behavior of the tide at Port 
Townsend. Both the diurnal and semi-diurnal components of the tide have a 
greater amplitude than when computed on a theoretical basis. Redfield explained 
this deviation to be associated with the geography and, in part at least, to be 
a result of the presence of a Kelvin wave in Juan de Fuca Strait. This checks 
well with the results obtained here. 

On the basis of net flow seaward through Juan de Fuca Strait, it is possible 
to evaluate the net effect of Coriolis force and thus check the initial assumption 
that this force can be neglected on a mean monthly basis compared to centrifugal 
force. Flow of fresh water seaward from the Strait of Georgia has been evaluated 
in Section 7. This can be regarded as the maximum net outflow from the strait 
inasmuch as no consideration has been given to fresh water escaping through 
the northern channels. The position of Port Townsend on the seaward side of 
Admiralty Inlet demands that the fresh water flowing from Puget Sound be 
considered as well as the Strait of Georgia runoff. The mean monthly outflow 
from the Puget Sound system has not been evaluated, but on a mean annual 
basis it can be shown to be approximately one-half that of the Strait of Georgia. 
By applying the factor of 1.5 to the Strait of Georgia runoff, mean monthly 
estimates of net outflow through Juan de Fuca Strait have been made (Table 
VII). The Coriolis force on this flow has been calculated and is also tabulated. 
The maximum Coriolis force, 76 X 10—® cm, sec.—*, computed on a mean monthly 
basis, is small compared to the mean annual centrifugal force of 1.39 x 10~* 
cm. sec.~?, 

It would be of interest to compute slopes of isobaric surfaces across Juan 
de Fuca Strait to determine the level of no net motion or at least the level 
isobaric surface. In addition to the difference in sea level across Juan de Fuca 
Strait, the mass distribution would be required. Unfortunately, there are no 
seasonal data available with sections across that strait in this area for the 
period of sea level observations. It can be presumed, however, that above the 
level isosbaric surface, the isobars slope downward toward Washington State 
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and below this isobaric surface they slope downward toward Vancouver Island. 
Confirmation of this must await additional oceanographic sections across Juan 
de Fuca Strait taken simultaneously with sea level observations. 


~ 


5. WIND EFFECTS IN THE CIRCULATION OF THE STRAIT OF GEORGIA 


5.1 SEASONAL WIND PATTERNS 


Extension of the work of Harris and Rattray (1954) shows generally a 
northwest-southeast wind direction in the Strait of Georgia with a counter- 
clockwise circulation superimposed in the Southern Strait. Average monthly 
winds at Vancouver, Vancouver Airport, Garry Point, Entrance Island, Victoria, 
Patricia Bay Airport, and Comox Airport were used to provide the general 
seasonal circulations shown in Fig. 55. Unfortunately, the concentration of 
meteorological stations found in the southern half of the strait is lacking in the 
northern half. General observations have shown that winds in the central and 
northeastern sections of the strait are in the same direction but more intense than 
winds reported for Comox Airport. This would suggest that northern Strait of 
Georgia winds respond more directly to the atmospheric pressure systems which 
influence winds on the open coast of British Columbia and less to the topographic 
effects which influence winds of the Southern Strait. 

The effect of the counter-clockwise gyral in the Southern Strait appears 
in both drift bottle results and direct observations. Bottles released on a line 
across the strait were generally found to follow a counter-clockwise circulation, 
being swept along the shores of the Canadian Gulf Islands and the northern rim 
of the San Juan Archipelago to be ultimately picked up in Boundary Bay. 
Hutchinson and Lucas (1931) noted that the set of the current through Tumbo 
Channel between Saturna and Tumbo Islands was southeasterly throughout a 
24-hr. period. Of course this is also partially a result of the combination of 
topography and other factors which produce a strong ebbing current on the 
western side of the strait. 


5.2 WINp STRESS ON THE SURFACE WATER 


The effect of southeast winds on the surface water has often been regarded 
as the primary cause for, the abnormally high tides in the northern end of the 
Strait of Georgia. Average monthly wind values and maximum winds for Van- 
couver Airport will be used here to evaluate wind stress and its effect on the 
slope of the water surface. 

Harris and Rattray (1954) reviewed the work of various investigators in 
arriving at a suitable empirical relationship between the wind velocity and the 
stress exerted by such a wind on the surface of the water in Puget Sound. Wind 
stress is represented by a different relation for winds greater than 6.6 m./sec. 
than for those less than this critical wind velocity. But in most cases it has been 
shown that the wind stress is proportional to the square of the wind velocity. 
As pointed out by Harris and Rattray, the use of average rather than instan- 
taneous wind velocities introduces a certain error in the computation of the 
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wind stress. From the square of the wind velocity term, a greater relative 
contribution to the stress is made by the winds of higher velocity. This would 
be neglected by the choice of an average wind velocity. Hence, the relative 
contributions of winds within 4-mi./hr. velocity brackets have been calculated 
for every month in 1950 and monthly correction factors determined. This 
correction factor is represented by 


1. 


¢ 


(3) 


where W is the average wind velocity for a particular range of velocities, « is 
the proportion of total observations in this range, and c is the average monthly 
wind velocity. These factors are tabulated for each month in Table VIII. 


TasLe VIII. Mean monthly wind velocity, frequency, and calculated wind 
stress, sea surface slope, and sea level rise—Strait of Georgia, 1950 
(Vancouver Airport data). 





Month 


Prequency 


Velocity 






Southeasterly Winds (£-3 Quadrant) 


Oorr. 
Factor 


Stress 


Slope 
c 


Sea Level 
Rise 
ca. 


Jan. 90.3 8.7 388 0.% 0.46 -0031 0.74 
Feb. 92.8 9-7 435 1.03 0.65 +0043 1.04 
Mar. 774 9-1 406 1.07 0.57 -0038 0.92 
Apr. 63.5 9.5 Vy 1.16 0.68 +0045 1.08 
May —s-4510 7.7 34% 1637-0653 0035 0.84 
June 55.5 7-8 447 1.10 0.43 20029 0.69 
July 71.0 7-1 = 316 1.00 0.32 20022 0.52 
Aug. 64.5 6.6 + 2% 1.35 0.37 +0025 0.61 
Cot 74 ol 9.0 405 1.36 0.72 20048 1.15 
Nov 76 6 8.5 370 1.20 0.53 -0036 0.8 
Deo 80.6 8 & 1.36 Q. +0036 0.86 
Northwesterly Winds (W-N rant 
Jan. 9.7 11.8 527 0.9% 0.8 -0057 1.36 
Feb. 71 9-6 436 1.05 0.64 20042 1.02 
Mar. 12.9 9.1 406 1.07 0.57 20038 0.92 
Apr. 33.3 10.0 447 1.16 0.75 20050 1.21 
May 48.5 10.1 450 1.37 0.90 +0060 1.44 
June 46.6 6.7 299 1.10 0.32 0021 0.51 
July 29.0 6.1 272 1.00 0.2% 10016 0.39 
Aug. 3565 7-6 350 1635 0.54 0036 086 
Sep. 50.0 7o2 323 «16036 = 0039 .0026 0.63 
Oct. 25.6 9-0 400 1.36 0.71 +0047 1.13 
Nov. 20.0 €.7 388 1.20 0.59 20039 0.A% 
Deo. 19.4 &.8 59 1.36 0.68 20045 1.09 


The expression used in the calculation of wind stress on the surface water 
of the Strait of Georgia is the one developed by Ekman and given by Sverdrup 
et al. (1946, p. 490), 


T) = 2.6X107*)'W’ , (4) 





420 


where p’ is the density of air, W is the wind velocity, and the numerical constant 
is non-dimensional. Introducing & as the correction factor and p’ = 1.25 x 10-°, 
the expression for wind stress is 


= 3.2X10 kW’. (5) 
Sverdrup et al. pointed out that the expression is applicable to wind velocities 
of about 20 m./sec. (45 mi./hr.). It is true that average wind velocities in the 
Strait of Georgia fall far below this figure and are near the critical wind velocity 
of 6.6 m./sec. given by Munk (1947). However, maximum velocities of more 
than 1-hr. duration frequently exceed 25 mi./hr. From results of other workers 
for stresses of winds of smaller velocity, it can be concluded that results of 
wind stress evaluated here are probably high. Monthly wind stresses calculated 
from the above expression are given in Table VIII for average winds and in 
Table IX for maximum winds of at least one hour’s duration. 


TasLe IX. Maximum winds of at least one hour duration and 
calculated wind stress, sea surface slope and sea level rise in 
the Strait of Georgia 1950 (Vancouver Airport data). 


a ee a 


Velocity Stress Slope Sea Level 
Month for 1 Hour Dir. Rise 

mph. cm/sec. dynes/cm* on/kn. cm. 
Jan. 33 1460 W 7-07 20471 11.30 
Feb. 27 = «1210 SE 4.74 20316 7-58 
Mar. 27 1210 SE 47h 20316 7-58 
Apr. 29 1300 wW 5.47 0365 £.76 
bes 3 30 1340 W 5.86 20391 939 
June 21 Oo Nw 2.86 -0191 4.59 
July 15 670 8&8 1.46 0097 2.34 
Aug. 26 1160 W 4 40 0293 728 
Sep. 27 1210 Nw 4.74 +0316 7-58 
Gt. 32 1450 SE 6.65 0444 10.65 
Nov. 20 1340 WwW 5.85 +0390 9236 
Deo. 32 1430 NW 6 64 -0442 = 10.63 





The slope of the water surface in the Strait of Georgia as a result of wind 
stress can be evaluated approximately from the expression derived by Sverdrup 
et al. (1946, p. 488) from the equations of motion, 


T, = —gpid. (6) 
The slope of the water surface is given by i, average water density is p, and d 
is the mean depth of the water. This expression is only rigorously valid if we 
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deal with a deep, closed, rectangular basin in which the water is homogeneous. 
The boundary conditions are essentially fulfilled in the Strait of Georgia, but 
homogeneity can only be satisfied by the southern end. Values of slope calculated 
on the basis of homogeneous water will probably be too small when translated 
to the generally stratified conditions in the strait. 

Introducing values of g = 980 cm./sec., p = 1.02, and d = 150 m., the above 
expression is reduced to 


i = 6.66X 1077, (7) 
for sea surface slope in cm./km. if stress is given in dynes/cm.*. The values 
for surface slope and sea level rise at north and south ends of the Strait of 
Georgia under average southeast and northwest winds, respectively, are tabu- 
lated in Table VIII. Results of computations of sea surface slope caused by 
maximum winds of at least 1-hr. duration are included in Table IX. 


5.3. SuRFACE CurRRENTS DuE To Winp STRESS 


Besides the effect of tilting the sea surface, wind stress is also effective in 
moving the surface water, Ekman arrived at an empirical relation between wind 
velocity and surface currents assuming a homogeneous water mass (Sverdrup 
et al., 1946, p. 494). This expression was established from observations in the 
open ocean. For inshore waters it gives current velocities which are too low, 
judging from surface current studies (Waldichuk and Tully, 1953). 

From observations and on theoretical grounds, Ekman (1905) established 
his classical “Ekman spiral” for a homogeneous ocean. Here the wind current 
is directed 45° cum sole from the direction of the wind and the angle of deflec- 
tion increases regularly with depth. At the depth of frictional resistance the 
current is directed opposite to the direction of the surface current. In most 
cases this depth is in fair agreement with the observed thickness of the upper, 
homogeneous, wind-stirred layer in the sea. For shallow water, Ekman demon- 
strated that the deflection of the surface current is less than 45° and that the 
turning with depth is slower. Moreover, in very shallow water the current flows 
nearly in the direction of the stress at all depths. 

The wind factor V/W, where V is the current velocity and W is the wind 
velocity, is dependent on the stress of the wind and the eddy viscosity of the 
water (Sverdrup et al., 1946, p. 494). Variations of density in a vertical direction 
modify the wind current by influencing the eddy viscosity of the water. With 
large runoff and surface heating, a shallow brackish layer of low density is 
formed. This layer can be mixed to homogeneity by the wind, creating an 
abrupt increase in density and a high stability at the lower boundary. Eddy 
viscosity at this interface is effectively reduced and deepening of the mixed 
layer is impeded. The thickness of this layer may be considerably less than 
that in which a wind current would be normally developed. 

In the main body of the Strait of Georgia the upper brackish layer is 
wind-mixed to a depth of only a few metres. It is this surface layer which is 
subjected to the pronounced influence of the wind. The vertical component 
of eddy viscosity is reduced sharply at the interface and a considerable shear 
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Fic. 56. Calculated surface current velocities for varying depths of upper brackish layer at 
different wind velocities. 


in velocity can exist along this boundary. Hence a type of sliding effect occurs 
where the light surface water can be moved freely over the dense sea water. 
Proudman (1953, p. 170) derived an expression for the case of currents 
confined to a surface layer so that there is no internal friction below a certain 
level. A further assumption was made that the direction of the mean current 
is everywhere horizontal and that the mean conditions are uniform in any 
horizontal plane. These conditions are closely approximated in the Strait of 
Georgia removed from the lateral boundaries. The relationship between mean 
current V and wind stress 7, can be expressed as 
' , Ta 
V = dosin oD ®) 
where w is the angular velocity of the earth’s rotation, g the latitude, D the 
depth of mixed surface layer, and p is the density of the water. It is interesting 
to note that this expression differs only by a factor x/\/2 from the equation 
given by Sverdrup et al. (1946, p. 494) where D in their case is the depth of 
frictional resistance. Introducing expression (5) for wind stress with k set to 
unity, a latitude of 49° for g, and 1.02 gm./cm.* as an approximate density of 
the upper layer for p, equation (8) reduces to 


_ 0.02851" 


; 9 
| D (9) 
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Current velocities have been evaluated for different depths of unver brackish 
layer D and different wind velocities W. These are shown graphically in Fig. 56. 
The interesting feature about these curves is that current velocity increases 
very rapidly as the depth of upper mixed layer is reduced to less than 5 m. 


6. MIXING 


The Strait of Georgia exhibits varied problems of mixing. In the one extreme, 
fresh water from the Fraser River forms a very stratified and stable region at 
the estuary. At the other extreme in the Southern Strait, water is mixed almost 
completely vertically by tidal action. Runoff and insolation are the main 
processes which tend to stratify the water and reduce vertical mixing. The 
forces which tend to destroy the stratification and mix the water to homogeneity 
are the tide, wind, and current shear from runoff which mixes deep saline water 
into the fresh upper layer. There are both large regional and large seasonal 

variations in density stratification determined mainly by meteorological factors. 
During early summer when the Fraser River discharge is at its peak, the density 
variation from surface to bottom of the water column is extremely large particu- 
larly in the upper 10 m. Augmenting this stratifying effect, insolation is near 
a maximum at this time. Tidal forces can be assumed to be essentiallv constant 


throughout the year, but winds exhibit an inverse relationship with the stratifi- 
cation. 


6.1 MrxING AT THE SILLS AND FLUSHING OF DEEP WATER 


The Gulf Islands and the San Juan Archipelago act as almost a dam to 
the waters in the basin of the Strait of Georgia. The channels can be compared 
to sluice gates through which water is released in both directions on the flood 
and ebb stages of the tide. This is shown clearly in Fig. 57 where water on 
the flooding tide from Active Pass surges into the Strait of Georgia as a jet 
stream. Although the channel at Boundary Pass is quite deep at 165 m. (90 fm.), 
the lateral constriction reduces its effectiveness in releasing large volumes of 
water rapidly. The funnelling effect of the topography into this narrow constric- 
tion creates much turbulence which is very apparent in surface tide rips and 
eddies, particularly at the turn of the tide. 

As the water undergoes a horizontal motion owing to tidal flow, it receives 
a vertical component on moving into a shoaling area. Thus o; surfaces may be 
tilted rendering the water mass less stable. This breaks down any vertical 
stratification which may have existed and the water becomes thoroughly stirred. 
Under such circumstances, mixing is occurring on a macro scale. 

Mixing can also occur on a macro or micro scale where the roughness 
elements on the bottom actually stir the water. These roughness elements can 
range from large topographic features to cobbles and gravel on the sea floor. 
With the strong currents near the bottom reported by Pickard (1956), mixing 
undoubtedly occurs there because of bottom roughness. Owing to the near- 
homogeneity of the bottom water and its lack of stability, vertical turbulence can 
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Fic. 57. Aerial photograph of Active Pass showing the jet stream effect of the tidal current 
into the Strait of Georgia. (Courtesy Pacific Naval Laboratory and Royal Canadian Navy.) 


be readily established. According to Sverdrup et al. (1946, p. 479), the level at 
which there is a transition from turbulent flow to laminar flow is determined by 
the roughness length related to the average height of the roughness elements. 
Establishment of whether such a transition exists in the Strait of Georgia awaits 
a series of reliable direct current measurements at several levels near the bottom. 
But there is no a priori reason to believe that it exists, and it is unlikely that 
laminar flow prevails at any depth in this area. 

The mixed water from the sill regions contributes toward the formation of 
different deep water masses in the Strait of Georgia. Thus flushing action is 
mainly influenced by what goes on at the sills. Most of the flushing of the deep 
water in the strait occurs with displacement by denser water. Dilution must 
occur prior to displacement, however. The strong currents exhibited by the deep 
water in the Southern Strait suggest that much of the dilution must take place 
by turbulence. The latter process would tend to be very slow, displacement by 
denser water being the more efficient. 


6.2 VerticaAL Density STRUCTURE 


Unlike the fresh water flow through an inlet where a river is at the head, 
the Fraser River discharges near the main entrance of the Strait of Georgia. 
Whereas the flow in an inlet such as Alberni is essentially two-dimensional 
(Tully, 1949), there tends to be a spreading effect of the river water into three 
dimensions in the strait. This complicates the system for simple quantitative 
treatment, inasmuch as it is necessary to consider the fresh water flow into the 
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Fic. 58. Strait of Georgia in a westerly direction from Point Roberts showing the banded 
patterns. (Courtesy P. N. L. and R. C. N.) 


northern lobe of the strait as well as that flowing out through Juan de Fuca 
Strait. 

Fraser River water fans out over the Strait of Georgia in a thin brackish 
layer forming a sharp interface with the dense sea water below. As this brackish 
layer flows seaward due to a pressure gradient impressed by the hydrostatic head 
of the river water, mixing occurs at the interface probably by the ejection of 
eddies of salt water from the crests of internal waves as indicated by Keulegan’s 
model (Keulegan, 1949). This type of mixing occurs only for a limited distance 
from the estuary, whereupon the boundary layer thickens and some other process 
of mixing takes over. The mixing through the transition layers in this case would 
be probably associated with the “momentum exchange of turbulent motion” as 
suggested by Keulegan. Through some such effect, the surface brackish layer 
continues to deepen and increase in density, the boundary layer becomes less 
distinct, and turbulent motion ultimately mixes the light surface water into a 
deep saline water in the sill regions. 

Although the normal type of hydrographic cast with bottles placed at discrete 
levels on the line permits interpretation of vertical salinity and density distribu- 
tion only to the extent of drawing a smooth curve between the points, there is 
evidence from S-T-D (salinity-temperature-depth recorder) data that the 
density gradient is no simple smooth curve. Particularly in regions of fresh water 
inflow distinct strata of different salinity occur one on top of another. This is 
apparently the result of tidal action and river discharge. As a particular water 
mass is moved out of the vicinity of the Fraser River, the surface layer of brackish 
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Fic. 59. Seasonal variation of density (o:) at various depths in (A) Juan de Fuca Strait 
off New Dungeness (48° 16’ N., 123° 04’ W.), and (B) mid-Strait of Georgia (49° 17’ 
N.,. 123° 37" W.). 
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Fic. 60. Seasonal variation of density (o;) structure in the southern Strait 
of Georgia (48° 44.4’ N., 122° 46.5’ W.). 


water is mixed to homogeneity for a certain depth. Then on its return nearer the 
estuary under the influence of wind or tide, fresh water overrides the surface 
mixed layer. Thus, instead of a normal two-layered system, the upper brackish 
layer may consist of several sheets of discrete density one on top of the other. 

Horizontal mixing does not appear as a continuous process but occurs in 
discrete “fronts” around the region of fresh water inflow. These fronts have been 
observed in “tide lines” at which continuous recording devices such as the S-T-D 
have shown sharp breaks in the salinity and temperature. Aerial photographs 
(Fig. 58) have shown these fronts as concentric bands around the intruding 
tongue of fresh water. 

The vertical distribution of density undergoes large seasonal changes especially 
in the region of major fresh water influence. The contrast between Juan de Fuca 
Strait and the Strait of Georgia in the seasonal variation of density (o;) at various 
depths is shown in Fig. 59. The narrow range of density for the station off New 
Dungeness compared to the mid-Strait of Georgia station is quite apparent. 
Convergence of the curves for Juan de Fuca Strait during the winter months 
indicates the tendency of the water mass toward homogeneity. 
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Fic. 62. Seasonal variation of density (o,) structure off Cape Mudge (49° 58’ N., 125° ’ 


08’ W.). 


The seasonal variation in density structure as depicted by o,-depth curves is 
shown for a station in the southern Strait of Georgia (Fig. 60). The near- 
homogeneous condition in winter when density is nearly constant with depth is 
in sharp contrast with the summer condition of large gradient. In addition to 
the nearly homogeneous upper 10-m. layer of low density, it is evident that the 
deep water is also quite stable during the summer months. This is exemplified 
by the almost constant density gradient from 10 m. depth to the bottom. 

In contrast with the southern part of the Strait of Georgia, the Fraser River 
estuary region shows a thin, low-density upper layer at all times (Fig. 61). The 





430 


deep water exhibits little gradient in density compared to the summer structure 
of the Southern Strait water. The density of the upper layer varies with runoff. 

An intermediate-type structure in density can be observed in the station for 
the Northern Strait (Fig. 62). Here density below 20 m. remains within 1 o; unit 
of variation throughout the year. A thin upper layer of low density appears to be 
well developed only in August. At this time, the effect of the large summer 
discharge of the Fraser River is assisted by the delayed runoff from rivers 
tributary to Bute and Toba Inlets. 


6.3 STABILITY OF THE WATER Mass 


Stability is directly related to the density structure of the water column. In 
general the stability of the water column in the Strait of Georgia is highest at the 
Fraser River estuary, decreasing seaward. The horizontal gradient in density is 
very large at the surface in the southward direction from the Fraser River to the 
southern channels. Consequently stability is very rapidly reduced. For some 
distance northward into the main basin of the strait, the stability continues to be 
high particularly in the summer-time when there is the added effect of insolation. 

Stability has been shown by Sverdrup et al. (1946, p. 418) to be accurately 


represented by a ‘10-* in the upper 100 m. of the ocean. They suggested 
COL 


that below 100 m. the stability may be at variance with the foregoing expression 
if it has a numerical value less than 40 X 10-5. In most cases at depth, this value 
was exceeded in the Strait of Georgia. 

The seasonal variation in stability for the three stations for which density 
structure has been examined is given in Tables X-A to X-C. A high stability of 


TaBLe X-A Seasonal variation of stability at a station in the 
southern Strait of Georgia (48° 44.4’ N., 122° 46.5’ W.). 
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TABLE X-B, Seasonal variation of stability at a station off the 
Fraser River estuary (49° 11’ N., 123° 19’ W.). 
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TaBLE X-C, Seasonal variation of stability at a station off Cape 
Mudge (49° 58’ N., 125° 08’ W.). 
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the water mass at the Fraser River estuary is maintained throughout the year 
with extremely high values in the surface layer during midsummer. In the 
southern part of the strait the stability is reduced to nearly zero during the 
winter months. Vertical mixing is evidently quite pronounced, and it is during 
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this period that bottom water is formed for the strait. The reduced stability in 
the winter months at the Northern Strait station probably contributes toward the 


formation of an Intermediate Water, especially during certain cold winters as 
occurred in 1949-1950. 


Taste XI. Along-channel variation of stability in the Strait of Georgia, 
22 September-4 October 1952. (See track chart, Fig. 28, for station 
locations. ) 


‘STATIN --@ 
1 2 5 4 


3260 5650 S470 51700 15850 15110 73200 25500 © 1092 546 
1092 546 13680 -5280 15500 3650 70400 26950 92300 56050 -5850 
1092 5260 218 © 21020 12580 62500 24000 55700 8740 0 
1092 1092 3275 3280 6820 7580 11480 22650 15660 54600 12580 
2402 5250 11590 9620 2185 9520 2640 96840 11170 12910 23610 
1032 218 219 218 2185 9520 1095 1970 2840 4160 16580 
1052 2080 2040 2220 5830 2620 1639 1692 595 2695 2545 
962 1640 2645 5260 1535 728 20368 1553 1202 1159 1051 
-- = = 1620 == 1465 656 654 


26 


° 
2185 2182 5280 4570 3825 © 9830 49200 6010 7650 


730 2162 4920 2460 6560 1038 17500 4920 19150 44600 
57800 26600 15120 2150 15310 1258 19680 6550 16950 17500 
37800 -1092 21350 5280 16950 1256 20460 1568 2735 1458 
30800 2558 9410 186150 22750 10500 1752 437 5250 1458 
5900 10280 10500 6340 10500 7440 6150 674 3500 5060 
1675 2658 2115 3460 1748 5362 2676 1057 473 5900 

831 984 1095 855 1467 1552 1092 1379 1335 984 

6768 612 481 -109 654 734 503 700 525 -— 


1.85 
5.67 
5-49 
9+15 
307 
18.3 
45.7 
91.5 
137-2 


® Stations arranged in order from south te north. 





433 


The largest regional variation in stability occurs during the late summer. A 
warm brackish surface layer has become well developed in the main part of the 
Strait of Georgia, while tidal action in the connecting channels continues to 
maintain a mixed water column. Table XI gives along-channel variation of 
stability for the survey, Series I, September 22-26, 1952 (see Fig. 28 for station 
positions ). 


6.4 RicHARDsoN’s NUMBER 


Mixing of a stratified water column to homogeneity increases its potential 
energy. This potential energy must come from the kinetic energy of the water 
motion which causes the mixing. The water motion can be broken down essen- 
tially into two parts: (a) the mean motion of the water which is the advective 
transfer and, superimposed on this, (b) the turbulent motion or non-advective 
transfer. If the kinetic energy of the turbulent motion remains constant, then the 
mixing energy must come from the mean motion. The rate of increase of 


potential energy per unit volume due to mixing is eA, where A; is the 


COL 
coefficient of vertical eddy diffusion and the other terms have their usual mean- 
ing. The rate with which energy is lost from the mean motion per unit volume is 


_fauvy 
” (22) 


where N: is the coefficient of vertical eddy viscosity and U is the current 
velocity of the water. Some part of this energy is dissipated because of internal 
friction (molecular viscosity) so that not all is available for mixing. Hence, if 
vertical mixing is to be maintained, the rate of change of potential energy must 
be less than the rate of change of kinetic energy per unit volume, that is, 


Op ey 
gA,; 37 < pN ee 


a / fey V, 
or 857 az <> 


Richardson’s number has been established (Richardson, 1920) as the non- 


dimensional parameter 
ae | (20) 
, = = ( 
Ri= 837/ oz) ° (89) 


It follows from (a) and (b) that, for continued vertical turbulence, Richardson’s 
number must always be less than the ratio of the vertical eddy viscosity 
coefficient to the vertical eddy diffusion coefficient, that is, R; < N2/A:. The 
criterion for the maintenance of turbulence was proposed as R; < 1 from 
observations on atmospheric eddies by Richardson, For values of R; greater than 
unity, turbulence was presumed to die out. In later studies, Calder (1949) has 
shown that the criterion should take the form of R; < (1—a), where a is a small 
positive quantity whose value has not yet been determined for the general case. 
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In the oceans the value of N,/A; is generally greater than unity. When 
surface waters are lightened by runoff and insolation, the surface density is 
decreased. Hence, dp/dZ is increased so that vertical turbulence is reduced. The 
reverse is true when dilution of surface water is reduced and cooling sets in. In 
the special case of a density discontinuity, dp/aZ is very large, there is practi- 
cally no vertical turbulence and, consequently, little eddy diffusion or eddy 
viscosity across the horizontal surfaces. 

Stability of a water column influences mixing in that (1) it reduces vertical 
turbulence leading to smaller values of eddy viscosity, and (2) it alters the type 
of turbulence in such a way that the accompanying eddy diffusivity becomes 
smaller than the eddy viscosity. Parr (1936) has suggested that vertical stability 
must have a very pronounced effect in increasing turbulence along og; lines. This 
must certainly occur in the Strait of Georgia where increased density stratifica- 
tion during the summer months reduces the vertical eddy viscosity and eddy 
diffusion, enabling wind stress to mix the surface water horizontally. 

The question always arises in a study of a tidal basin such as the Strait of 
Georgia whether it is valid to apply instantaneous velocities of currents to 
evaluate Richardson’s number, eddy viscosity, and eddy diffusion coefficients, or 
whether the current must be averaged over a series of tidal cycles and only the 
net current velocities applied. It would appear that realistic values can only be 


Taste XII. Richardson’s number from Anchor Station measure- 
ments outside the Fraser River estuary (Station Cl, 49° 03.7’ N 


aNey 


123° 19.8’ W.) 2200 hr., 19 March 1953. (See text for explanation 
of symbols. ) 


1.02048 
1.02230 
1.02270 
1.02296 — 
20 1.02314 
25 1.02327 
30 1.02333 
4O 1.02336 
50 1.02347 
75 1.02366 
100 1.02370 
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gained from treatment of instantaneous current velocities and density distribution, 
inasmuch as significant effects are averaged out in taking a mean. During the 
March-April 1953 survey, direct current measurements were taken simultane- 
ously with hydrographic casts for salinity and temperature at anchor stations. 
These data permit the evaluation of Richardson’s number for different stages of 
the tide. Typical cases of current and density distribution are shown in Table XII 
for station C (49° 03.7’ N., 123° 19.7’ W.) off the Fraser Riv ery estuary. Values 
of R; are greater than 1 at ‘all depths except in the region between 25 and 50 m. 
According to the criterion R; < 1 vertical turbulence is maintained only in this 
intermediate depth interval. It is noteworthy that at this station flow occurs in 


opposite directions at top and bottom on the flood, and the depth of no motion 
occurs between 25 and 30 m. 





6.5 POTENTIAL ENERGY CHANGE IN WATER COLUMN ON MIXING 


A stratified column of water mixed to homogeneity gains potential energy. 
Qualitatively this can be explained by the fact that the center of gravity of the 
mixed water is higher than that of the stratified water. If, in addition to mixing, 
the water column is raised because of a sloping bottom, then potential energy, 
equivalent to that required to raise the water column to the new level, is added. 
This condition is fairly well approximated in the Strait of Georgia where a 
stratified mass of water in the main basin is moved into the Boundary Pass area 
on an ebbing tide. 

It is of interest to separate the mixing effect from the lifting effect to 
determine the relative energies involved. Consider a column of water of depth 
H and breadth a, stratified with an upper layer of depth h and density p and a 
deeper layer of depth h’ and density p’ (State I in Fig. 63). This water column 


Fic. 63. Diagrammatic representation of a stratified water column lifted 
into a shallower region of mixing. 
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is moved into a shallower region of depth Ho widening to a breadth b where the 
water has become vertically homogeneous of density py (State II in Fig. 63). 
For the conservation of mass, it is required that 


poll = ph+p'h’ (lla) 
and boo Hy = apoll . (116) 
The potential energy per unit volume for the stratified water column referred to 
the surface as zero potential energy can be given as 
_ [pghth+p’ gh’ (h+3h' a. 
h+h 


Similarly, potential energy of the column per unit volume when mixed is 


ii (pgh+p’ gh’) (h+h’) 
equivalent to oe 


Then the change in potential energy of the water column due to mixing is taken 
as the difference 


aa (ogh® +2p’ghh’ +e gh’ *) a (pgh® +pghh’ +p’ ghh' +p’gh’*) ) 
. 2(h+h ) 2(h+h ) 


» ie <2) hh’ = 
which reduces to ak, = 2(h+h ) (3 
The difference in potential energy between I and II (Fig. 63), assuming that the 


water column at I is mixed and merely lifted into position II, can be expressed 


by AE, = —3gpollo +4gpoll” = 4g(ph+p'h’)’ - 1 eh 


hi h’ 
where po = een . ; 


then the potential energy change per unit volume due to raising the water 
column is 


. (ph? +phh’ - ~ phHo+p’ ‘hh’ +p'h"® — p'h'E Ho) , 
AE, = g 2(h-+th’) (13) 


Since potential energy is additive, the total potential energy change is the sum 
of the foregoing, that is, ' 


; : ; rnrl hth’ =f) (J - pi 
_= 4 15 = 1 NS 
> AE = AE,+AE, bel (oh-+ oh (# hah’ hh’ 


or simplified 


> AE = se -[ph(h - Ho) +p'h' (2h+h’ - Hy)). (14) 


These equations have been used to calculate the amount of energy expended in 
mixing and moving the water into the shoaling region of the southern Strait of 
Georgia. Typical conditions for the different periods of the year have been 
selected from the data and energies computed per unit area of water column 
are given in Table XIII. The significance in all these results lies in the fact that 
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about 10* times as much energy is expended in raising the water into shallow 
areas as in increasing the potential energy by mixing the stratified water. It must 
be emphasized, however, that the water column loses the “lifting potential 
energy’ when it returns to deep water. The “mixing potential energy”, on the 
other hand, is retained. Hence, the former energy transfer is a reversible process 
whereas the latter is irreversible. 





TasLe XIII. Potential energy change per unit area in a water column 
due to mixing and raising its elevation for typical cases in the southern 
Strait of Georgia. (See text for explanation of symbols. ) 









Station 66, 25 September 192 
15.3 241 1.02023 1.02363 150 6.52107 1.37x10!2 1.37x1022 





Station 20, 19 Merch 1955 
10 283 1.02260 1.0238 150 1.74x10" 2.10x1022 2.10x10"2 











It is true that conditions assumed in the theoretical model are not completely 


fulfilled in the prototype of the Strait of Georgia. However, the essential features, 
it is believed, are similar: 


















(a) The water must move horizontally in the same direction from top to bottom with 
little shear. From current observations made at anchor stations across the southern part of 
the Strait of Georgia, this condition appears to be reasonably well fulfilled. 

(b) The water bounded by two vertical planes in the stratified region of the Strait 
of Georgia must be bounded by two vertical planes in the mixing area, only spaced with 
a greater distance between them. In other words, the water in State I must be symmetrically 
distributed over the horizontal cross-sectional area of State II. 


If condition (a) is satisfied, (b) will follow of necessity. 


6.6 APPLICATION OF KEULEGAN’S CRITERION OF MIXING 





The sharp interface between the upper layer of brackish water and the 
deeper saline layer near the Fraser River estuary can be compared, in certain 
instances, to the flume experiments of Keulegan (1949). He showed that a light 
liquid flowing over a dense liquid may form a sharp discontinuity in densities 
between the two even though they are completely miscible. There need not be 
a sharp discontinuity in velocities at this interface, however. As the velocity of 
the upper layer is increased relative to the lower layer, a certain critical velocity 
is reached at which time internal waves are formed at the interface and eddies 
of the dense medium are ejected from the crests of the waves into the upper 
liquid. Keulegan theoretically derived a criterion for mixing which is a non- 
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dimensional parameter having different values for turbulent and laminar flow. 
The final formula for the parameter is sig as 


(15) 


where », is the kinematic viscosity of the lower dense layer, g is the gravitational 
acceleration, Ap is the difference in density between the lower and upper 
medium, p; is the density of the upper layer, and U, is the critical velocity of the 
upper layer at which mixing just begins. From experiments, Keulegan gives the 
numerical value for this criterion as 0.127 in the case of Reynolds’ number less 
than 450, and 0.178 for Reynolds’ number greater than 450. 

Although there is considerable departure in the Strait of Georgia from 
Keulegan’s model, the general conditions necessary are approached at the Fraser 
River estuary during large runoff. These conditions are: (a) homogeneity of the 
upper and lower layers, (b) the lower layer is at rest, and (c) only a short reach 
is considered. Within the estuary regions, these conditions are fulfilled to a 
reasonable degree. The upper river water layer is relatively fresh and quite well 
mixed to the interface. The lower layer has some gradient in salinity and hence 
density; but this is small compared to the density difference between upper and 
lower layers. The deep water must move, of course, under the influence of tidal 
action and as a density current in the replacement of salt carried away by the 
upper layer. However, Keulegan states that it may be supposed that ‘the flow 
has continued for a long time and that the characteristic wave front is absent. 
The assumption of a short reach would imply that only a relatively small length 
of channel or inlet can be considered for the application of the mixing criterion. 
The mouths of the Fraser River and the immediate estuary form the extent of the 
Strait of Georgia system which would fulfill this condition. Beyond the estuary 
region, the manner ‘of mixing and the conditions of mixing would be considerably 
different obeying different laws. A boundary layer in which the density is con- 
tinuously changing becomes established in the main body of the strait. As 
suggested by Keulegan, mixing here probably occurs by turbulence. 

The region of applicability varies with the seasonal changes in the runoff. 
During large runoff and intensive surface warming, the criterion of mixing should 
show reasonable validity at some distance from the estuary. In winter, it would 
probably only hold within the mouths of the river. 

A station at the estuary has been chosen for the representation of seasonal 
changes in stratification. Choosing the value of 0.178 for @ considering turbulent 
flow, the critical velocity has been calculated for each period of observation. The 
values of density have been reasonably well approximated by o; = (ps,,.-1) 10° 
where p;,t,. is the density at the salinity and temperature in situ and at atmos- 
pheric pressure. Values of v. for the kinematic viscosity of the deeper water have 
been taken from Sverdrup et al. (1946, p. 69), which give sufficient accuracy. 
Table XIV gives the various measured quantities as well as the calculated critical 
velocities of mixing. There is no question that the critical velocities obtained 
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from Keulegan’s mixing criterion are exceeded in all cases examined in the 
Strait of Georgia. 


Keulegan conducted further experiments to show the extent of ejection of 
the lower dense water into the upper light layer with increasing velocities above 
the critical. He showed that the amount of mixing U,,, defined as the volume of 
the heavier liquid that crosses unit area of the interface in unit time and 
having dimensions of velocity, could be related experimentally to the actual 
velocity of the surface layer U and the critical velocity of mixing U, by 


Un =3.5 X 10-* (U — 1.15 U,) (16) 


Velocities obtained at anchor stations at the mouth of the Fraser River have been 
used to calculate the mixing in the estuary. These values are given in Table XIV. 
Mixing values U,, calculated are only slightly smaller than would be expected 
from the salinity in the estuary. A typical example for July 1950 shows that the 


Taste XIV. Critical mixing velocities and amount of mixing at the Fraser 
River estuary from Keulegan’s criterion of mixing. (See text for explanation 


of symbols. ) 
~~ ew te 2 
gfow? _ge/om  gn/ow on? 
Station O1, (49° 03.7' N. 125° 19.2' W), 2200/19 March 1953 


Station 66, (49° 0%.2' N., 123° 24.4' W), 2234/25 September 1%2. 
1.02023 1.02363 .00340 .0142 0.178 2.01 <« cote 


Station J29, (Off Point Grey, 49° 16.4' N., 123° 17.4" i) 
1236/5 July 1950. 


1.00941 1.02182 .01241 -0142 0.178 3.12 6.7 10.9104 


Station J31 (ot Point Grey, 49° 16.4' Ns 123° 17.4! w) 
1451/5 July 1950. a 


1.00605 1.02152 .01547 .0142 0.178 3.36 26.9 @2.0x10™ 


ten J73, (Praeer River, South Arm, 49° 06.2' N. 


Stat 
123° 18.8" w) 1320/7 July 1950. 
1.00564 1.02076 .01512 .0142 0.178 3.33 2146 


4° 


1.00970 1.02069 .01099 .0142 0.178 2.99 24.7 74.4x20~ 


3tat on TT. (fraser River, South Arm, 


oes "Na 123° 16.€' Ww.) 1353/7 July 1950. 


1.00713 1.02086 .0137% .0142 0.178 53.410 10.3 
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amount of sea water ejected through an interface in the South Arm of the 
Fraser River, 5 n. mi. long and 0.5 n. mi. wide, is 78.2  10® cm.*/sec. or 
2.76 X 10 ft.*/sec. This is in the order of 1/10 of the river discharge through the 
channel. Salinity outside the Fraser River mouth is of the order of 5%o0 which 
means that there is roughly one part of sea water of 30%o mixed into five parts 
of river water. The agreement between the two results is reasonable. 


7. FRESH WATER BUDGET 


The fresh water in the Strait of Georgia system can be treated on a budget 
basis similar to the salt or heat content. A simplified equation can be set up to 
represent the contributing and withdrawing factors. After a given time, the 
volume of fresh water in the system is equivalent to 


Vy = V.+R+P4+G+C-E-V, (17) 


where V, is the volume of fresh water present initially. Factors which contribute 
toward the fresh water in the system are runoff R, direct precipitation P, ground- 
water G, and condensation C. Removal of water is effected by evaporation E, 
and net outflow V,. The term V,, actually consists of the difference between the 
fresh water volume which is carried out near the surface and that which feeds 
into the basin in the mixture of oceanic and fresh waters forming the intermediate 
and bottom waters. 

As a first step in the budget study, it is necessary to evaluate each of the 
terms in equation (17) to note their relative magnitudes. 


7.1 RuNoFF 


Stream runoff is by far the largest source of fresh water contributing to an 
annual volume equivalent to roughly 20 m. (66 ft.) of depth on the surface of 
the Strait of Georgia. Runoff in the area consists of two basic types: (a) stored 
runoff as exemplified by streams whose headwaters are in regions of winter 
snow; and (b) direct runoff represented by streams where the discharge varies 
as the local rainfall. 

A major contributor to the fresh water in the Strait of Georgia, the Fraser 
River is a prime example of a river with a naturally stored runoff. Its peak 
discharge occurs in late June when snow melt from its watershed in the interior 
of British Columbia swells the river flow. The low-discharge period extends from 
February to April. During this time only the coastal drainage area is a significant 
contributor, interior areas retaining their precipitation as snow. Having a length 
of 783 statute miles (1260 km.), the Fraser River is the largest stream flowing 
into the Strait of Georgia and constitutes roughly 80% of the total runoff. The 
drainage area of the Fraser River and its tributaries above Hope, B.C., is 
85,600 mi.?. With a drainage area of 4,500 mi.*, the runoff from the tributary 
streams below Hope can amount to as much as 49% of the total discharge at 
Hope, but generally averages about 36% (Vancouver and Districts Joint Sewerage 
and Drainage Board, 1953, p. 126). The maximum discharge of the Fraser River 
recorded was 15,200 m.*/sec. (536,000 ft.8/sec.) on 31 May 1948, while a 
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minimum of 340 m.%/sec. (12,000 ft.*/sec.) occurred on 8 January 1916, The 
Fraser River may undergo a very rapid increase in discharge, up to 850 m.*/sec. 
(30,000 ft.*/sec.) per day, during the freshet period. The decline is usually less 
abrupt. Of the three major mouths of the Fraser River, by far the greatest volume 
of water discharges through the South Arm. About 15% of the discharge flows 
through the North Arm. 

Glacial streams such as the Squamish River flowing into Howe Sound and 
the Homathko River at the head of Bute Inlet are essentially of the stored- 
runoff type. Their peak discharges may occur about a month following that of 
the Fraser River. 

Rivers such as the Cowichan, Chemainus, Puntledge, and Campbell on 
Vancouver Island represent the predominantly direct-runoff type where the peak 
discharge occurs at the time of year of intensive precipitation. This usually 
follows the period in November when the soil becomes saturated and nearly all 


TasLe XV. Mean monthly discharge of the Fraser River and other streams 
draining into the Strait of Georgia, 1950. 








Fraser R- Total 
New Runoff into 
Fraser R. a Westminster, Other Strait of 
Month a BC. Ky - — Ko —_— 
Jan 1.943 1.39 2.70 167 2.2 4.37 
Feb 1.690 1.48 2.50 1.62 2.55 4.31 
Mar 1.790 1.49 2.67 2.17 2.70 4.83 
Apr . 2.470 1.40 346 2.18 2.28 5.62 
May 11.15 1.28 14.28 2.86 1.54 17-11 
June 23.00 1.24 28.55 5.10 146 43.65 
July 17.62 1.26 22.42 5694 1.48 26.35 
Aug 6.92 1.26 11.25 1.98 1.48 13.22 
Sep 5.51 1.27 7-00 1.33 1.51 6.31 
Cot 4.24 1.34 5.92 2.88 2.02 8.55 
Nov 4.01 1.46 5.86 2.90 2.18 &.74 
Deo 252 1. 228 4, 2. 10.0 
SUM 8.06 16.37 111.87 33.55 24.30 145.09 
MEAN 1-17 1.36 9.32 2.80 2.05 12.09 


® Correction factor for converting Fraser River discharge at Hope, 
B. C., to discharge at New Weetrinster, B. C. 

> Correction factor for converting Fraser River discharge at Hope, 
B. O., to total runoff into the Strait of Georgia. 
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the precipitation goes toward runoff. The small discharge period coincides with 
the dry portion of the year in August and early September. 

For a more quantitative estimate of the runoff into the Strait of Georgia 
than available in any hydrometric data or other sources, it was necessary to 
study the drainage area and precipitation data. There are generally more rainfall 
measuring stations than stream gauging stations. From the rainfall data and 
gauged rivers in the drainage area, runoff for all rivers not given in surface water 
supply reports has been computed for 1950. These data are tabulated in 
Table XV. 

On a mean monthly basis, it is convenient to relate the total runoff into the 
Strait of Georgia as a function of the gauged Fraser River discharge. Correction 
factors have been calculated for each month in 1950, which relate the Fraser 
River discharge measured at Hope, B.C., to the total river runoff into the strait. 
These factors are also given in Table XV. 


7.2 Orser Sources OF FRESH WATER 


Direct precipitation on the Strait of Georgia amounts to roughly 1.2 m. 
(4 ft.) per year spread over the surface of the strait. This is less than 1/10 of 
the runoff contribution to the annual fresh water volume. Precipitation can be 
evaluated from rainfall data for various meteorological stations along the strait. 
It is assumed that rainfall values for the strait can be interpolated from the 
shore stations. The deviation of annual rainfall during a particular year from 
the average can be quite significant. However, the distribution of rainfall 
throughout the strait follows the same general pattern. The southeastern part 
of the strait is in a “rain shadow” where less than 76 cm. (30 in.) of rain fall 
during the year. Another secondary low-precipitation region exists in the 
Central Strait south of Texada Island. Regions of large precipitation are in the 
tributary inlets on the eastern side and in the northwestern part of the strait. 
The large gradient in precipitation which may occur in the inlets is exhibited 
by Burrard Inlet. An average precipitation of 40 in. at Vancouver Airport 
increases to 60 in. in downtown Vancouver and to 70 in. on the north shore of 
Burrard Inlet. It is estimated that for the strait as a whole there is an average 
precipitation of 112 cm. (44 in.) annually. This figure can be closer to 139 cm. 
(55 in.) in certain years,,such as occurred in 1950. Data from 22 rain-gauging 
stations along the Strait of Georgia (Province of British Columbia, 1951) have 
been averaged to provide mean monthly precipitation values (Table XVIII). 

No precise evaluation has been made of condensation in the Strait of 
Georgia, but it is generally regarded as small, probably of the order of less than 
1/100 of the precipitation. Condensation of any significance only occurs in those 
regions where the water is often colder than the atmosphere. This is notable in 
the Southern Strait where turbulence brings cold water to the surface and is 
accompanied by fog banks during late summer. On the basis of the equation 
used by Jacobs (1951) for evaporation (see Section 8 on Heat Budget), a total 
of 3.3 cm. (1.3 in.) of condensation was calculated to occur at Race Rocks for 
1950. Evaporation calculations in the Central and Northern Strait showed no 








443 


negative tendencies, because the surface water, on the average, was almost as 
warm as the atmosphere. 

No groundwater data are available for the Strait of Georgia. Groundwater 
seepage is probably very small on the Vancouver Island side judging from the 
generally poor well supplies. The water table appears to be quite low in most 
places, Significant supplies of ground water probably occur in the inlets where 
precipitation is high. Evidence in groundwater discharge can be seen in seepage 
along the steep shores of Bute and Toba Inlets. 


7.3 REMOVAL OF FRESH WATER 


As a factor removing fresh water from the Strait of Georgia, evaporation is 
relatively small. It amounts to only about 3% of the total fresh water inflow. 
Evaporation is treated quantitatively in Section 8. It varies both seasonally and 
regionally. Mainly because of the regional difference of the surface sea water 
temperatures in the strait, the evaporation can change drastically from south to 
north. The annual evaporation does not exceed 76 cm, (30 in.) at any of the 
stations for which calculations are made. There was a general increase from 
south to north, Victoria totalling 53.5 cm. (21.1 in.) and Comox giving 72.5 cm. 
(28.5 in.) for 1950. 

Mean monthly values of evaporation for the Strait of Georgia have been 
evaluated from an average of four stations along the strait—Victoria, Vancouver 
Airport, Entrance Island, and Comox Airport. These are tabulated in Table XVIII. 

Unquestionably, the greatest loss of fresh water occurs in the outflow from 
the system into the Pacific Ocean. In order to evaluate the net outflow of fresh 
water from the system and the fresh water present in the system at any particular 
time, recourse must be taken to the salinity distribution in the system. 


7.4 SEASONAL VARIATION OF FRESH WATER IN THE STRAIT OF GEORGIA 


The Strait of Georgia was divided into a series of sectors chosen for con- 
venience and distributed in such a way that the different characteristic regions 
of salinity distribution can be represented (Fig. 64). Boundaries of the strait 
were arbitrarily set at the mouths of inlets and at the entrances to the southern 
and northern channels. Depthwise, the water was divided into intervals, 0-10 m., 
10—50 m., 50—100 m., and 100 m.—maximum depth. The volumes of all depth 
intervals in each sector were determined by the method described by McLellan 

(1954). These are given in Table XVI-A. For each survey, 1949 to 1951, several 
stations were chosen in each sector as representative. The salinity-depth curves 
were mechanically integrated by planimeter and an average salinity was deter- 
mined for each depth interval. The percentage of fresh water was evaluated by 
using 33.8%0 as the base salinity of the oceanic water entering the system. 
Ketchum’s (1950) expression was used for the percentage of fresh water = 
100(S, — S,4)/S», where S», is the base salinity and S, is the average salinity of 
the water in question. 

The choice of a base salinity to represent the sea water entering the Strait 
of Georgia can be subject to considerable personal judgment. A small variation 
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Fic. 64. Segmentation of the Strait of Georgia for fresh water volume analysis. 


in this parameter can intréduce considerable variations in results of fresh water 
concentrations. A value of 33.8% was finally chosen because it is approximately 
the average salinity found near the bottom in mid-Juan de Fuca Strait. This 
value may approach 34.0%o in late summer or drop to 33.5%o in winter (University 
of Washington Department of Oceanography, 1954, p. 45). It was felt in this 
study that consistency would be more valuable than attempting to introduce a 
seasonal variation in the source water. Sea water of 33.8%o0 reaches the mixing 
region of the San Juan Islands and ultimately, after being mixed with less dense 
water, reaches the basin of the Strait of Georgia. In any case, no rigorously 
quantitative significance can be attached to the 33.8% and values of fresh 
water evaluated on this basis can be best regarded in their relative magnitudes. 









Taste XVI-A. Volumes of depth intervals in different sectors in 
the Strait of Georgia. 












Sector O-10 m. 10-50 m. 50-100 m. 100 mrBottom Total 
cubic kilometres 


* 7-352 19.33 16.87 17-8 61.45 


























B 18.58 64.30 72.60 162.20 317.68 
















0 9.60 34 42 39.9 136.20 220.37 





Dy 4.58 15.84 17-88 49.50 









D, 13.50 46 40 48.20 97-40 205.50 











TOTAL 64.53 216.58 229.75 513.73 1024 55 





























The mean percentage of fresh water for each depth interval for each sector 
was evaluated for the 1949-1951 series of surveys. From the percentage of fresh 
water and the volume of each depth interval in each sector, the volumes of 
fresh water in each sector were determined. Then the total volume of fresh 
water during each period of survey was obtained from the total in the sectors. 
The average salinities and volumes of fresh water in different depth intervals for 
all sectors during the different surveys are given in Table XVI-B. A seasonal varia- 
tion of fresh water in the Strait of Georgia for 1950 is shown in Fig. 65A. The 
total mean monthly drainage into the strait is shown on another scale. Total dis- 
charge of the Fraser River measured at Hope, B.C., for 1950 was 86.1 10° m.* 
(30.4 < 10" ft.* or 13.5 n. mi.*), At a particular time in winter there is a fresh 
water volume of about 110 « 10° m.* (38.9 « 10" ft.3 or 17.3 n. mi.*) in the 
Strait of Georgia. This means that there is essentially a fresh water volume 
equivalent to 1.3 years of Fraser River discharge in the strait on the basis of 
33.8%o salinity of inflowing water. Thus, the effect of a large inflow of fresh 
water into the strait does not significantly increase the total volume of fresh 
water in the system. A seven-fold increase in runoff from April to July only ’ 
registers a 22% increase in the fresh water of the system. It is interesting to note 
the seasonal variation of fresh water in the two main regions of the strait—the 
southern half most influenced by the Fraser River and the northern half which 
acts as sort of “surge tank” taking up the “spillover” from a large discharge. 
Seasonal variations of combined fresh water volume of Sectors A, B, and C, and 
that of Sectors D,, D2, and E, are plotted in Fig. 65B. The fresh water curve for 
the Southern and Central Strait appears to reach a maximum earlier in the 
season than that for the Northern Strait. Moreover, the former curve maintains its 
elevated position for a longer period than the latter. This suggests that only the 
large overflow from the main part of the strait affects the northern end. The 
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TasLe XVI-B. Seasonal variation of fresh water in 
the Strait of Georgia, 1950. 
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Fic. 65. Seasonal variation of (A) runoff and total fresh water in the Strait of Georgia, 
(B) fresh water in various depth intervals of the strait. 
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northward influence of peak runoff occurs about a month after maximum river 
discharge. 

Along-channel variation of fresh water concentration for different depth 
intervals of the Strait of Georgia-Juan de Fuca Strait system is shown in Fig. 
66 for September 1952. An abrupt change of fresh water concentration in the 
upper layer is shown very clearly for is region of the San Juan Channels. 
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‘1c. 66. Along-channel variation of fresh water in the Strait of Georgia—Juan de Fuca Strait 
system, September 1952. 


7.5 VARIATION OF INFLOW AND OUTFLOW 


Evaluation of fresh water inflow and outflow in the Strait of Georgia 
necessitates the setting up of water balance equations. The total water balance 
comprises addition by runoff and inflowing sea water, and subtraction by out- 
flowing water, if the effects of evaporation, condensation, and groundwater are 
considered negligible. Changing sea level during the year, as shown in Section 
4, reflects an influx or efflux of sea water. This can make a significant difference 
and must be considered in the overall water budget. Hence, the total water 
balance for a given period of time may be written as 


V.tR-—V,—AW =0 (18) 
where V; is the volume of inflowing water, R is the runoff, V, is the volume 


of outflowing water, and AW is the change in total water volume as indicated 
by the change in sea level. 
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The fresh water balance in the Strait of Georgia for a given time interval 
can be represented adequately by 


= R+C,.V,-C.V.-D. (19) 
The term AF is the change of fresh water volume in the system, C;V; represents 
the fresh water flowing into the system in the mixture feeding in at depth, 
and C,V, is the fresh water flowing seaward near the surface. The fraction of 
fresh water in the inflowing water is given by C;,, that in the outflowing water 
by C,. The two terms C;V; and C,V, are essentially the advection factors which 
influence the fresh water balance. The term D denotes fresh water loss or gain 
in the system by horizontal diffusion. 

To express the salt water balance, it is necessary to consider the change 
of total water volume in addition to that of the inflowing and outflowing sea 
water. Thus, over a given period of time, the difference between the changes 
of total water and fresh water volumes gives a measure of the change in sea 
water volume AP in the system. This can be expressed as 


AP = AW - AF = (1-C,)Vi- (1-C,)V.+D (20) 
where (1-C;) and (1-C,) are the fractions of sea water in the inflowing and 
outflowing waters, respectively. The sum of the salt water balance (20) and 
the fresh water balance (19) gives the total water balance (18). 

All the factors in the foregoing equations are time-variable and to solve 
the differential forms would require a complete knowledge of the time variability 
of individual terms. However, the terms can be evaluated approximately from 


a knowledge of certain characteristics in both the runoff and oceanographic 
conditions. To evaluate the volume of outflowing water V, and that of inflowing 
water Vj, it is necessary to reduce equation (20) in terms of known variables. 
Substituting for V, from (18), it can be expressed as 


AW - AF = (1-C,)V;- (1 -C,)(V:t+R- AW)+D. 

In terms of V;, this equation can be rearranged to give 

(1=¢,)(R- AW) - D+a~ AP sia 
Se C; is 


Now the fractions of fresh water in the outflowing and inflowing waters are 
defined by 


V; = 


22a) 
and _= (22d) 


where S, is the mean salinity of the source water and S,, S; are the mean 
salinities of the outflowing and inflowing waters, respectively. Substitution for 
the fresh water fractions in (21) with some simplification gives 
S, J , 5. 

V,= (R- AW )+5— (alk AF) 5; — 





be 9 
S, D. (23) 
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The runoff R can be quite accurately determined from river discharge data, On 
a mean monthly basis, AF can be evaluated from the change in volume of fresh 
water in the system from one month to the next. During the period of declining 
runoff, AF will be negative so that a positive compensation is made for the 
fresh water outflow. The monthly change in sea water volume AP can be 
obtained from the difference between the change in total volume of water and 
the change of fresh water in the system, AW - AF. The mean monthly values 
of AW can be readily determined from mean monthly sea level data for the 
Strait of Georgia. Sea level data, which are probably fairly representative for 
the whole strait, have been secured by averaging Point Atkinson and Comox 
measurements. Being very near the major fresh water source in the strait, Point 
Atkinson is not representative of the whole strait in its sea level changes. Comox 
sea level measurements are probably a good index of the changes which occur 
in the Northern Strait. Mean monthly sea level changes and the terms AW, AF, 
and AP have been tabulated in Table XVII-A. 

The mean salinities of the outflowing and inflowing waters can be determined 
by mechanically integrating the salinity-depth curves above and below the depth 
of no net motion. As before, the salinity of the source sea water S, is taken as 
33.8%. The term D is unknown, but in a two-layered flow as exists in the Strait 
of Georgia most of the year, the horizontal exchange by eddy diffusion is 
probably small compared to that by horizontal advection. In making the subse- 
quent analysis, it was assumed that all the fresh water flows out of the Strait 


TasLe XVII-A. Mean monthly changes in volume of sea water in the 
Strait of Georgia. 
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of Georgia through Juan de Fuca Strait. There is little question that a certain 
quantity of fresh water escapes by way of the northern passages. The volume 
of this northern outflow is unknown but presumed to be small compared to 
the southern outflow. In any event, results which are given here will represent 
the case for a maximum possible flow through the southern channels. 

The major problem in arriving at reasonable values for the terms in equation 
(23) lies in determining the level of no net motion which separates the water 
having a net seaward flow and that showing a net inflow. Without recourse to 
suitable direct current measurements, it is necessary to apply some indirect 
technique to evaluate this level. The closest approximation to this from oceano- 
graphic measurements can be gained in the technique used by Tully (1949) for 
evaluating the depth of “Upper Zone” in Alberni Inlet. This depth was found 
by taking the first major break in the salinity-depth curve obtained more closely 
by plotting salinity vs. log depth. Such a procedure has been applied to evaluate 
the average depth of outflowing water across the Strait of Georgia on a section 
from Point Roberts to Active Pass for all surveys 1949 to 1951. The average 


TaBLe XVII-B. Mean monthly values of salinity and volume of 
inflowing and outflowing water. 
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salinities in this upper layer and lower layer have been evaluated by mechanical 
integration with a planimeter. On the basis of inflowing sea water salinity of 
33.8%, the proportion of fresh water in these layers has been evaluated for each 
survey. The values of average salinity and the proportion of fresh water in the 
inflowing and outflowing waters for each month have been taken from a smooth 
curve joining the points for all surveys in a seasonal plot. The mean monthly 
volumes of inflowing water V,; and outflowing water V, and their respective 
mean salinities, $; and S,, are given in Table XVII-B. 

It is interesting to study the rate of change of fresh water in the system 
as expressed by the first derivative of equation (19) with respect to time. This 
can be written as 


OF = R+C,V. 
ot 


where the terms are now given as rates of flow. With the exception of D, all 
terms in (24) have been evaluated in m.*/sec. on a mean monthly basis and are 


-C,V.-D (24) 


0 
tabulated in Table XVII-C. The peak in a 


0! 
when the runoff undergoes the largest increase. A minimum can be noted some 


occurs from late May to early June 


= 0, when 


, : OF 
time between mid-August and mid-September. About mid-July 


the peak in fresh water content of the system has been reached. 


Taste XVII-C. Mean monthly values of terms in the fresh water 
balance equation (24). 
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The shortcomings of the method used for calculating outflow and inflow 
are obvious, The indirect technique for evaluating the depth of no net motion 
is crude and yields, at best, only qualitative results. A small variation in choice 
of depth of inflection on the salinity curve will change the mean salinity of 
outflowing and inflowing water. It is interesting to note, however, that the volume 
of outflowing water may be anywhere from four to fifty times as great as the 
fresh water runoff. The anomalous situation occurred in January when a very 
large exchange took place. Normally the large outflow would be expected in 
August when there was twenty times as much outflow as runoff. The ratio of 
total outflowing water to runoff is small during the period of large river discharge. 
It increases during the period of declining runoff and appears to reach a peak 
in winter. 

The results of the comparison of relative magnitudes of the terms in equation 
(17) lead to the conclusion that only certain terms need be considered, as a first 


TasLe XVIII. Mean monthly values of fresh water budget 
terms in the Strait of Georgia, 1950. (See text for explanation 
of symbols. ) 


t 
. - pe E Vp 


cubic centimetres per square centimetre 


1635 
1650 63.4 15.9 9.63 
1650 
1608 62.5 18.7 4.49 
1608 
1610 70.0 = 1562 5.43 
1610 
1650 81.5 10.5 4.72 52.0 
1€50 
1715 
1832 488.0 2.26 4.14 329 
1832 
1900 382.0 3.28 4.22 324 
1900 
1893 191.8 4.65 4.69 309 
1893 
1728 120.5 3.18 5.49 260 
1728 
Cot 169 124.0 23.4 4.87 142 
169 
1687 
Deo 1678 145.7 21.0 4.03 96.0 


SUM 20646 20605 2104.2 138.5 60.40 2044. 


MEAN 1721 1717 175.4 11.5 5203 170. 


* averaged from 22 rain gauge stations around the Strait 
of Georgie. 


t averaged from computations made for Victoria, Vancouver 
Airport, Entrance Island, end Conox Airport. 
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approximation, in the fresh water budget. Thus groundwater and condensation 
are relatively small in their contribution to the fresh water. Evaporation, in its 
fresh water withdrawal, is likewise small compared to fresh water outflow but 


should be considered since it is on the borderline of being significant. In the 
reduced form (17) can be written as 


Vr = V.+R+P-E-V, (25) 


Monthly values for these terms in the Strait of Georgia are tabulated in Table 
XVIII. 


7.6 Erricrency oF FLusHinc oF Fresh WATER FROM THE SYSTEM 


A measure of the efficiency of removal of fresh water as it enters the Strait 
of Georgia can be gained from the rate of change of fresh water in the system 
with changing runoff. The ability of a system to rid itself of fresh water varies 
with amount of runoff, vertical mixing, and stratification. As runoff increases, the 
system becomes stratified, vertical mixing is reduced, and a more efficient fresh 
water disposal mechanism comes into effect. To generalize, it might be said that 
as the inflow of fresh water exceeds some threshold volume that can be removed 
through a vertically mixed water column, the system assumes a two- layered flow. 

Ketchum (1950) defined flushing time of a segment of an estuary to be the 
average time required for river water to move through that segment. Tully 


TaBLe XIX. Mean monthly inflow and outflow of fresh 
water in the Strait of Georgia and flushing efficiency. 
(See text for explanation of symbols. ) 


R Fr AP Vro t 
a = -— =< = 


Jan. 4.27 113.6 
4.34 ‘ -3.0 7.34 1.69 
Feb. 4.31 110. 
, 4.57 0.2 4.37 0.96 
Mar. 4. 111.0 
‘a 5.23 2-8 2.43 0646 
5.62 113.8 
| 11637 hea 6.97 
17-11 116.2 
25.38 8.1 17.28 
33.65 126.3 
30.00 4.8 25.20 
26 35 131-1 
19.79 4 20.19 
10.77 “11.6 22.37 
6.31 119-1 
8.43) -2-1 10.55 
8.55 117.0 
£.65 0.8 9045 
8.74 116.2 
9-39 A 9-79 
10.03 115.8 
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(1949) introduced a displacement factor which is essentially the inverse of the 
flushing time expressed in the number of tidal cycles. Pritchard (1952b) sum- 
marized the work of his predecessors in flushing studies and defined flushing 
time for any segment of an estuary as the total volume of river water divided 
by the daily river flow. 

A slightly different approach has been chosen to evaluate flushing efficiency 
in the Strait of Georgia. On a mean monthly basis, the flushing efficiency will 
be defined by the ratio of volume increment of fresh water removed from the 
system to the volume increment of fresh water added, that is 


+ Vro 
ie R 


The fresh water outflow from the system is taken as the difference between the 
runoff and the change in fresh water volume, i.e., 


(26) 


Vro = R-AF (27) 
When the monthly fresh water outflow from the system is equivalent to the 
fresh water runoff into the system, then the flushing efficiency f = 1. The value 
of f < 1 occurs when the monthly runoff exceeds the monthly outflow and f > 1 
when the reverse is true. Monthly values of f are tabulated in Table XIX. The 
flushing efficiency in this case is a measure of the accumulation of fresh water 
in the system. From the end of January until July, f < 1 so that an accumulation 
is occurring. The fresh water inflow is equivalent to the fresh water outflow about 


the middle of July. For the remainder of the year there is an excess of fresh 
water outflow over runoff, the maximum occurring in late August when the 
outflow is double the runoff. 


7.7 PREDICTABILITY 


It would be expedient to establish some means of prediction of the fresh 
water budget factors for the Strait of Georgia from certain readily measured 
variables. For example, discharge measurements on the Fraser River and the 
sea level observations at Point Atkinson and Clayoquot are conducted on a 
continuous basis, A highly desirable goal might be the ability to apply these data 
along with a limited number of oceanographic observations to determine the 
advection terms in the fresh water budget. The evaluations made here show 
that there are definite, related, seasonal trends in factors such as runoff, out- 
flowing fresh water, proportion of fresh water in the outflowing surface layer, 
and sea level difference between the Strait of Georgia and the open Pacific 
Coast. 

The gross features appear to follow a recurrent pattern. However, there 
are certain short-term fluctuations in the individual factors which are not inter- 
related. These are not explainable on the basis of known mechanisms which 
might occur. Undoubtedly some of the deviations from the expected trends are 
results of experimental error, particularly where small differences are taken 
from large values. But a part of the deviation must certainly be attributable 
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to the anomalous behavior of the system when subjected to some of the influences 
about which there is little information. These small variations in the system 
cannot be predicted with our present knowledge. 

The difference in sea level between Point Atkinson and Clayoquot is a 
measure of the ability of the fresh water to escape from the Strait of Georgia. 
During the summer, there is a large downward slope of the sea surface from 
the strait to the Pacific Offshore, as reflected in the large sea level difference 
between Point Atkinson and Clayoquot (Fig. 48). This should permit a relatively 
rapid outflow of fresh water from the system. It would seem reasonable to 
suppose that there should be a correlation between the outflow of fresh water 
from the strait and the slope of the sea surface. A plot of these data shows a 
fairly consistent trend over the full range of sea level difference and volumes 
of outflowing water. However, during the period of small fresh water outflow, 
the deviations can be large. 

From the nature of the determinations of fresh water in the system, experi- 
mental errors can be quite large in evaluations of the fresh water outflow at 


TasLe XX-A. Observed and calculated mean monthly values of 
fresh water outflow from the Strait of Georgia. 


F oe Calou- Devia- 
Al Yeo 4 Vero lated tion 
Month Yro 
on. ke cn. Ke? Ka? ke 
Des. 
5.14 2.66 
Jan. 
2.56 7234 3.16 4.82 544 -1.38 
Feb. 
1-77 4.37 2.80 4.71 2.6 -1.66 
Mer, 
4.07 2.43 5.49 4.59 5.98 1.39 
Apr. 
10.63 6.97 10.50 8.89 11.45 2.56 
Me 
16.80 17-28 16.10 16.48 17.55 1.07 
June 
20.88 2-20 19.35 20.89 21.09 0.20 
July 
20.36 20.19 19.15 22-59 20.87 -1.72 
Aug. 7 
: 16.19 22.37 15.61 17.70 17-23 -0.47 
ep. 
10.86 10.53 11.07 14.12 12.07 =2.05 
Oot. 
6-15 9-45 6M 9-92 7-53 2-359 
Nov. 
5-72 9-79 4.36 7-30 4.75 2-55 
Deo. 
3222 2.66 
Jen. 





AH « Difference in sea level between Point Atkinson ani 
Olayoquot; 
Wo = Volume of fresh water outflow; 
Bay Veo = Three-monthly running average values. 
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certain times of year. It was considered justifiable, therefore, to smooth the 
data by 3-month running averages. This has been done for both sea level 
difference and volume of fresh water outflow. The smoothed results are given 
in Table XX-A. From the best straight line through the points, an expression 
for the prediction of fresh water outflow from sea level difference has been 
derived, This can be stated as 


Vro = 1.09AH+2.6 km.’ , (28) 
where Vro is given in km.’ per month and AH is the mean monthly sea level 
difference in cm. The predicted values of monthly outflow are given in Table 
XX-A with the deviation from the smoothed observed values. It is interesting 
to note that there is a positive deviation during the spring and early summer 
months with a negative deviation in the autumn and winter. This appears to 
be the result of a hysteresis effect in the system where there is a certain lag 
in response of outflow to sea level changes. The deviation from the predicted 
curve can be as much as 50% during periods of small fresh water outflow, Decem- 
ber to March. When the outflow exceeds 20 km.’ per month in June and July, 
the deviation is less than 122. 

As a further aid in the prediction of the characteristics of the Strait of 
Georgia system, the depth of no net motion, as obtained in this study, remains 
nearly constant throughout the year at 20+ 2 m. Also, the mean salinity of 
the inflowing water does not change appreciably. Thus the proportion of fresh 
water in this layer is relatively constant at 0.108 + .003 (Table XVII-C). 

The proportion of fresh water in the seaward flowing layer shows a reason- 
able correlation with the runoff. This is to be expected, of course, since the 
proportion of fresh water in the upper layer is directly related to the runoff. 
The plot of these two variables has permitted the establishment of a linear 
relationship of the type 


C, = .127+.00673R+.030 (29) 


where R is given in km.’ per month. Values of C, have been calculated from 
this expression and are given along with the deviations from the observed 
values in Table XX-B. The maximum error in the predictions occurs during the 
small runoff of January to March when it can amount to 20%. During the large 
runoff of May and June, the deviation is substantially less at about 10%. 

The Fraser River is accurately metered at Hope, B.C. Although 1950 was 
not an entirely representative year hydrologically, the factors established for 
converting Fraser River discharge into total runoff (Table XV) should be fairly 
applicable at any time. It is true that during some years of extreme peak in 
the river discharge, as in 1948, there may be some discrepancy. Likewise, years 
of a small summer maximum in the river discharge may require a correction. 

, All terms in equation (23), with the exception of diffusion, can now be 
evaluated if sea level changes and Fraser River discharge are monitored. A 
knowledge of the volume outflow of fresh water Vro permits the evaluation of 
the change in fresh water content of the system AF from equation (27). As 
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Taste XX-B. Observed and calculated mean monthly 
proportion of fresh water in the seaward-flowing upper 


layer. 
R Gy Caloulated 
Month ai QO, Deviation 
Jan. 
434 °132 «152 2020 
Feb. 
4.57 «151 «153 2002 
Mer. 
5.23 2170 0157 -.013 
Apr. 
11.37 2188 0192 2004 
May 
25.38 2245 e272 e027 
June 
30.00 0317 2299 -.018 
July 
19.79 212 +240 2028 
Aug. 
10.77 20 0189 -.016 
Sep. 
8.43 205 «175 =--030 
Oot. 
8.65 0199 177 -.022 
Rov 
9039 0189 +161 ~.008 
Des. 





previously, salinity of the source sea water S, can be regarded essentially 
constant at 33.8%o. Salinities of inflowing water S,; and outflowing water S, can 
be determined from the respective proportions of fresh water. 

To the extent that the initial assumptions are fulfilled, the predictions can 
give a measure of the advection in the Strait of Georgia within certain limits. 
Again, it must be stressed that the basis for the prediction of the advection terms 
offered here is not too sound when runoff and sea level differences are small. 
The technique improves, however, as these factors become amplified. 

’ 
7.8. HyporHeTicAL ALTERATIONS OF INFLOW AND OUTFLOW AND THEIR 

EFFECTS ON THE OCEANOGRAPHY OF THE STRAIT OF GEORGIA 


It is of interest to speculate on some of the conditions in the oceanographic 
system of the Strait of Georgia if the fresh water discharge were doubled, 
reduced to one-half, or entirely removed. One might also be interested in 
evaluating the time required to reduce the salinity to one-half if the system 
were closed off to salt water inflow but allowed the present runoff to flow out. 
The volume of the system must remain unchanged. 

Consider a vertically mixed and horizontally mixed system, which is un- 
realistic but suitable for illustrative purposes. Then the rate of change of 
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salinity S due to dilution is directly proportional to the salt content of the 
system, which can be expressed as 


dS 

— kS (30) 
The proportionality constant is equivalent to the ratio of average runoff R to the 
volume V of the Strait of Georgia, that is, k = R/V. The negative sign in (30) 


indicates that there is a decrease in salinity. Integrating (30) gives the 
expression 


S = Sye*! (31) 
Where S° is the initial salinity at time t = 0, and S is the final salinity after time t. 
Consider the half-time t for the salinity of the system to be reduced to one-half, 
that is, $ = 3S,. Converting (31) to the log form gives 


r 


2.303-log}S; —logS) = ¢, (32) 


Then if V = 1025 km. and R = 4.60 x 10% m.3/sec., t = 2.38 x 10° days or 
roughly 6.5 years. From this result, it can be concluded that a large change in 
the average salinity of the Strait of Georgia can only occur with a large sustained 
runoff. The result also points out, as a corollary, that a change in salinity of 


the source sea water can be exceedingly important in changing the salinity of 
the Strait of Georgia. 


8. HEAT BUDGET 


8.1 CHARACTERISTICS OF THE STRAIT OF GEORGIA AS THEY AFFECT THE HEAT 
BuDGET 


Because of the excess runoff and precipitation over evaporation in the 
Strait of Georgia, there is a net flow of surface water seaward. This characteristic 
renders the strait a heat source and the Pacific Ocean a heat sink in summer. 
The reverse is true for brief periods in winter when surface water is cooled 
to temperatures below that of the deep water, and the strait experiences a net 
gain of heat from the Pacific Ocean. 

On a heat budget basis, the Strait of Georgia can be divided into two 
sections: (1) the vertically mixed region of the southern end where the surface 
waters are always cool, and (2) the vertically stratified region of the remaining 
part of the strait where the surface water is warm in summer and cold in winter. 
This regional variability in surface water temperature has a very pronounced 
influence on the regional evaporation. Inasmuch as the evaporation depends 
largely on the temperature difference between the atmosphere and the surface 
water, in the turbulent region of the Southern Strait maximum evaporation occurs 
in winter and condensation actually results in summer. On the other hand, 
with high summer surface water temperatures to the north, the peak evaporation 
takes place in summer, 
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Some of the seasonal climatic characteristics of the Strait of Georgia for 
1950 are shown along with the periods of the synoptic surveys in Fig. 67. The 
close correspondence of surface water temperature with air temperature for the 
period April to October at Entrance Island is very striking. This is characteristic 
of the main basin of the strait where the stratified surface water is very responsive 
to changes in air temperature. Only during the winter months is there an 
appreciable difference between air and surface water temperature. This is 
particularly true during cold winters when the average air temperature may 
drop below 0° C. as occurred in the winter of 1949-1950. The curve of daily 
hours of sunshine at Vancouver Airport follows a trend which is similar, on 
the average, to the air temperature. The large day-to-day variations of sunshine 
in spring and early summer are represented by the large weekly fluctuations in 
the curve for that period. 

The regional variability of surface sea water temperature from Race Rocks 
to Cape Mudge is shown in Fig. 68. Three types of regions suggest themselves 
from the seasonal temperature trends. On the one extreme, surface water 
temperature in the mixing regions varies by only about 5 degrees from summer 
to winter as shown for Race Rocks and Friday Harbor. On the other extreme, 
surface water temperature in the main basin of the Strait of Georgia varies by 
about 15 degrees (Entrance Island curve). Intermediate regions exist where a 
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Fic. 68. Seasonal variation of water temperatures in the Strait of Georgia and adjacent 
waters, and air temperatures at Entrance Island for 1950. (Plotted by 7-day averages. ) 





462 


moderate amount of mixing occurs, as represented by Cape Mudge, with about 
a 10-degree seasonal variation. 

Wind plays a prominent role in enhancing the regional variability in heat 
budget factors. In Juan de Fuca Strait and in the San Juan Archipelago summer 
winds are prevailing westerly. They are warm and saturated. As they become 
chilled below their dew point by the cool waters of eastern Juan de Fuca Strait 
and channels to the north, condensation in the form of fog sets in. In contrast 
winds in the central Strait of Georgia are prevailing easterly and generally 
very dry coming from the interior of British Columbia through the Fraser Valley. 
These winds have a high evaporation potential particularly at night when they 
are cooled by the land before blowing seaward. 


8.2 QUANTITATIVE TREATMENT 


Data used in this analysis are taken from scattered meteorological stations 
along the Strait of Georgia, daily sea water and air temperatures at lighthouse 
stations, and temperature data from oceanographic surveys. It is hardly justifiable 
to interpolate for the whole Strait of Georgia from shore stations where the 
required data are available. Because of the large diurnal variations in air 
temperatures and relative humidity in oceanographic surveys, it has not been 
possible to utilize bridge (meteorological) data and to arrive at consistent results 
on a regional basis. Other limitations in the data arise from the fact that not all 
measurements have been obtained at the same height above sea level. A 
correction has been made for this difference in elevation only in cases of extreme 
exposure of the stations to wind. Detailed analysis of the heat budget in the 
Strait of Georgia must await more extensive and simultaneous observations. 


The standard form of the heat balance in a particular sector of the ocean 
in unit time is expressed as 


d.-72,- Q, - Q.- Q+2,+Q: = 0 (33) 
On the credit side of the ledger, the sea receives the greatest part of its heat 
directly as radiation from sun and sky, Q,. On the debit side a certain fraction r 
of this incident radiation is reflected, the sea loses a certain amount of its heat 
in back radiation Q,, apd some through evaporation Q,. The sea may lose or 
gain heat through exchange of sensible heat with the atmosphere Q,, through 
transport of heat in or out of the area by currents Q,, and by heat used locally 
to heat the water column Q,. 

Each of the terms in (33) will be discussed in subsequent sections. In the 
evaluation of incident radiation, reflection, and effective back radiation, the 
regional variability of these factors in the Strait of Georgia has been ignored. 
Mean monthly values have been calculated for all the strait on the basis of data 
given in the literature and meteorological data from Vancouver Airport. In 
general, this will probably give slightly lower values for incident radiation than 
would normally be obtained on a regional average basis. The error involved in 
the present treatment is probably within the limitations of the data. 
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8.3 RADIATION FROM SUN AND Sky ABSORBED BY THE WATER 


There is only one series of radiation measurements made over a year’s 
period in the Strait of Georgia or in neighboring areas. Phifer and Utterback 
(1935) reported the seasonal variation in total radiation as measured with a 
pyroheliometer at Friday Harbor in 1934. In the present study mean monthly 
values of total incoming radiation with clear sky have been determined using 
Kimball’s tables (1928) for the latitude and longitude of the Strait of Georgia. 


TaBLe XXI. Mean monthly values of heat budget terms for the Strait of 
Georgia, 1950, (Literature data and Vancouver Airport Meteorological 


data. ) 





c bd r rQe bo FR, -0 
Grep-salories par om? pew dey 
Jen. 211 8.37 &6 86° 5.35 4.6 2& 75.5 5.5 


Feb. 335 6.75 127 191 503 6.7 29 66.7 53.6 


Mar. 514 9 8.50 211 31l 553 1le2 209 5-86 1m 
apr. 656 7.06 5326 415 565 «17-35 264108 206 
May 770 6.08 438 50 5.5 23.2 260 121 is 


June 65 866.55 ABD 648 5.5 22-9 261 112 296 
duly 721 83-98 518 5 5.3 27-5 wa 161 329 
aug. 622 4B 4S 526 5.5 2255 22 149 253 
Sep. ATh = 33.88 «345° 298 563 182 HR 161 164 
Oot. 313 48.68 = 120 19s 563 6 OCS 46 
Nov. 202 7.90 86.6 99 53 S7? 2H & 1.9 
Deo. 160 8.55 63-1 72 53 33 253 70 -10.2 
SUM 5785 82.58 5176.3 5692 65-6 168.5 5081 1245 1764.8 
Maan = 4626.88 265 528 5.3 14.0 257 108 147 


® Values given by Kimball (1928) for 46° N,, 124° W. on the 21st of each 
month for a clear sky. Used in subsequent caloulations. 

> Recorded at Vancouver Airport. 

© Values taken from Phifer and Utterback (1955) for the year 1954 at 
Friday Harbor. Given here only for comparison. 


Nomenolature: 


Qeo = total incoming rediation with a cleer sky in gn-cal/om May; 

c = Cloud cover on a scale from 0 to 10 where 10 is completely 
overcast; 

Qg 2 incident radiation on sea surface frop sum and sky in 

gn-cal/om?/days 

freetion of incident radiation that ie reflected; 

Qbo = back radiation with a clear sky in gn-cal/em*/day; 

Q = effective back radiation in gu-cal/om?/day. 


“ 
& 
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To correct for cloud cover, the expression proposed by Angstrém (1920) was 
used 


QO, = Qs (1-0.071C), (34) 


where Qo is the total incoming radiation with clear sky and C is the cloud cover 
given on a scale from 0 to 10. The values of mean monthly cloud cover were 
taken from monthly meteorological summaries for Vancouver Airport, 1950 
( Meteorological Service, Department of Transport). The total incident radiation 
values calculated are in reasonable agreement with the observational values of 
Phifer and Utterback (Table XX1). 

The fraction r of incident radiation reflected depends on the altitude of 
the sun and, hence, on the geographical latitude. Jacobs (1951) gives this value 
as varying according to latitude from a minimum of 0.033 at the equator to 
0.080 at the poles. No rigidly established value can be obtained for this factor 
in the Strait of Georgia, but an approximate mean annual value of 5.3% has been 
taken from Angstrém’s (1920) tables. 


8.4 Back RADIATION FROM THE SEA SURFACE 


The effective back radiation depends largely on the absolute temperature of 
the sea surface, the vapour content of the atmosphere, and the nature and extent 
of the cloud cover. An empirical relationship is given for this heat loss by 
Sverdrup et al. (1946, p. 112) as 


Q; = Qro(1 — 0.083 C) (35) 
where Qo is the back radiation with a clear sky and C is the cloud cover given 
on a scale from 0 to 10. The values of Qyo were taken off the curves plotted by 
Sverdrup et al. (1946, p. 111) based on Angstrém’s (1920) data. Mean monthly 
meteorological data for Vancouver Airport and local mean sea water temperatures 
were applied to the curves. Jacobs (1951) cites Angstrém to show that the final 
value of back radiation must be reduced by 6% to account for the fact that the 


sea does not radiate exactly as a black body. Thus, the average back radiation 
is given as 


Q, = 0.940,0(1 — 0.083 C). (36) 
There is only small seasonal variation in back radiation compared to the variation 
in total incoming radiation. Of the net radiation absorbed by the sea, an average 
of 56% is returned to the atmosphere as back radiation, but the mean monthly values 
range from 27% in June to 117% in December (Table XXIII). A comparison of 
the proportion of incoming radiation back-radiated from the Strait of Georgia 
with the world-wide average, generally considered as 41%, is of some interest. 
During the months February to November the Strait of Georgia back radiation 
average varies around this value. However, during the winter months of small 
incoming radiation the back radiation is high in comparison. 


8.5 EvAPORATION 


Because evaporation exhibits the greatest regional variability, its magnitude 
has been calculated for a number of stations along the Strait of Georgia where 
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data were available. In most cases only the mean monthly values reported here 
were determined. However, it must be emphasized that evaporation undergoes 
large diurnal variations and short-term changes of a week or less, which are 
smoothed out in mean monthly values. 

Evaporation at the water surface is very nearly proportional to the difference 
between surplus radiation (Q,—@Q,) and the heat used up for changing the 
water temperature Q;. The rate with which water vapour is transported upward 
from the water surface by processes of atmospheric eddy diffusion also determines 


Taste XXII-A. Mean monthly values of heat budget terms 
for Victoria. (Gonzales Observatory and Race Rocks data, 
1950. ) 





Month 2 si 


Jan. 295 312 605 3 597 
Feb. £9.5 40.4 120 -21 97 
Mar. 151 37-7 = 169 -25 70 
Apr. 83.6 o 8.6 66 -188 
May. 174 A669 127 67 -234 
June -13.2--106.5 = -120 52 468 
July -26.6 -148.9 -176 46 51 
Aug. -21.8 -H.2 116 a) -365 
Sep. 27-7 -7006 “A272 “155 
Cet. 87.2 -1.3 8.9 -21 59 
Nov. 153 64.1 217 te 257 
Deo. 66.1 29-9 9% 453 159 

SUM 1043.5 15-9 1056.6 14 -720 

MAR 87.0 1.3 88.2 1-2 -60 


“ Water temperatures teken from a station in Juan de Fuss 
Strait midway between Victoria and New Dungeness for 
1953 (48° 16' W., 123° O48 w). 


Nomenclature: 


Qe = nergy used up in evaporation; 

@ = Sensible heat exchanged between sea and atmosphere 
through convestion; 

Qa = Totel energy exchanged between sea and atmosphere 
(Qe + @); 

Qt 2 Heat used up (or lost) in raising (or lowering) 
the temperature of the water; 

‘w = Amount of heat added to (or removed from) the water. 

mase through advection processes. 
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the evaporation rate. This rate of transport is dependent largely upon the 
difference in vapour pressure at the surface of the water and in the air a short 
distance above the water surface, the wind velocity, and the state of turbulence 
of the air above the water surface. All these factors can be quite variable both 
diurnally and seasonally in the Strait of Georgia. 

For a unit area of sea surface, the evaporation in grams or centimetres of 


depth may be determined from the net amount of heat available for the purpose, 
according to the expression 


E= Q: ~ 10. - Qo - Ori Op (37) 

L, s 

where L, is the latent heat of vaporization. It is more convenient, however, 
to calculate evaporation from data more directly measured in the sea. The 
expression used for evaporation calculations in this work is essentially that 
proposed by Sverdrup (1937) where the necessary coefficients were substituted 
for universal applicability by Jacobs (1951). For the convenience of using units 


TasLe XXII-B. Mean monthly values 
of heat budget terms for Friday 








Harbor, 1950. 

Month Q, 

gram-celories per om? per dey 
Jen. &.7 76.3 161.0 
Feb. 28.6 51 31.7 
Mar. 49.0 7-0 56.0 
Apr. 64.0 0.5 63.5 
May 25-1 = -250 21 
June 0.4 53.2 53 6 
July -18.1 -54.8 -72.9 
Aug. -23 6 42.1 65.7 
Sep. 0.7 17-1 -16.4 
Oot. 19-3 -1.8 17-5 
Nov. 49.6 23-1 72-7 
Deo. 33.5 11.7 45.2 

SUM 12.4 -ji- 241.1 


Mian 26.0 5.9 20-1 
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for the various terms as given by the meteorological stations, Jacob's equation 


has been employed in the form 


E = 8.52X107* (ew — ¢a)Wa . (38) 
The evaporization in gm./cm.*/day is given by E, e, is the vapour pressure at 
the sea surface in mm. of Hg, e, is the vapour pressure at height a also in 
mm. of Hg, and W, is the wind velocity in miles per hour. 

In most cases, the vapour pressure at the sea surface e, was taken from 
Miyake’s (1952) tables for the saturated vapour pressure of sea water, although 
0.98 times the vapour pressure Over pure water at the temperature of the sea 
water gives reasonably accurate values. The vapour pressure at height a was 
evaluated from wet and dry bulb thermometer data, or relative humidity where 
only this was given. Smithsonian Tables or the Handbook of Chemistry and 
Physics can be used for the necessary reduction of psychrometric observations. 
Wind data generally came from anemometers which were located considerably 


TasLe XXII-C. Mean monthly values of heat budget terms for 
Vancouver Airport, 1950. 





a Feet . at) 
%° ® e Qe-rQs-Q 


Mepth 


grep-calories per om? per day 


Jan. 177 227 Oe 18 561 
Feb. 54.5 26.9 81.4 25 5 
Mar. 67-9 23-1 91.0 69 -102 
Apr. 89.5 2 2 91-7 90 -204 
May 72-5 -12.0 60.5 72 -306 
June 20.0 56.5 56 «5 1 406 
July 27-1 -=37-2 “10.1 129 A68 
Aug. 61.8 =2264 39.4 -8 -206 
Sep. 113 1.7 115 112 63 
Oot. 779 30.9 109 -130 191 
Nov. 77-9 43.0 121 107 226 
Deo 17-9 __—36 21.5  -13 45 
SUM 20 0. 087. - 
(I Ei einen cite tninenccte A bcnacnceey 


* Sea water terperature date taken from a station off the 
Fraser River estuary (49° 11' N., 123° 19' Ww). 
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higher than the wet and dry bulb thermometers. Where apparent serious error 
would be introduced by this discrepancy, a correction factor was applied. 

Mean monthly evaporation values for Victoria, Friday Harbor, Entrance 
Island, Vancouver Airport, and Comox Airport are given in Table XXII-A to 
XXII-E. The seasonal plot for Victoria and Comox Airport (Fig. 69 and 70) 
shows the large regional variation in seasonal evaporation. The greatest annual 
difference between precipitation and evaporation occurred at Vancouver Airport 
with 82 cm. (32.4 in.). The smallest difference occurred at Victoria with only 
23 cm. (9.01 in.). 

The heat lost from the system due to evaporation was computed by multiply- 
ing the evaporation in gm./cm.? by the latent heat of vaporization (L; = 585 
gm-cal./gm.). These values are also tabulated and plotted. The percentage of 
incoming radiation energy used up in evaporation varies from 5% in June to 
over 200% in January at Vancouver Airport (Table XXIII). A seasonal average 
of 47% is slightly low compared to the world-wide average of 53%. 






TaBLeE XXIII. Mean monthly percentage of in- 
cident radiation at Vancouver Airport back- 
radiated into space and used up in evaporation. 


——— OO ——————eEllllEEESaaEaaEoaEaoE EELS 
—Sh_ —Se_ 
Month —«-arFQe Teerget OO Gace get 1 


an, 81 93 .m% 21&% 
ed. 120 55.6 454 
° 200 3769 34.0 
509 33.3 29.0 
29-2 17.5 
27-4 4.9 
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408 
490 32.6 55 
3761 15.4 
128 49.5 34.6 
114 579 68.3 
&.9 979 929 

Deo. 59.8 117 15.5 

668.8% 581.0% 
55-™% 46.46 





















































8.6 SensisLE Heat ExcHANGED BETWEEN SEA AND ATMOSPHERE 
BY CONVECTION 


The exchange of sensible heat between the sea surface and the atmosphere 
is dependent on numerous factors, among which the temperature difference 
between sea and atmosphere and the wind velocity are the most important. 
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Bowen (1926) has established the ratio R, commonly known as the “Bowen 
ratio’, for the heat loss by conduction to that by evaporation. A discussion on 
the applicability of the Bowen ratio to conditions encountered in the sea is 
given by Jacobs (1951). This ratio is expressed by the formula 


os oe. . xh (39) 


where t,, and t, are the temperatures in °C., e, and e, are the vapour pressures 
in mm. of Hg of the water surface and air above it, respectively, and p is the 
atmospheric pressure in mm. of Hg. The term p/760 can be set equal to unity 
without much error in this case because sea-level pressures are dealt with through- 
out. Then expression (39) can be reduced for the sensible heat conducted 
between the sea and atmosphere in terms of heat of evaporation, difference in 
temperature between the sea surface and the atmosphere, and the difference in 
vapour pressure between the sea surface and the atmosphere at height a, 


Q, = Olle — fe) 6 (40) 


Cw ~ Ca 
If the same units are used as given for (39), and Q, is in gm-cal./cm.?/day, 
then Q, is in units of gm-cal./cm.?/day. 
The mean monthly values of Q, have been calculated for the stations pre- 
viously considered in the evaporation determinations. The values are tabulated in 
Table XXII with the plots for Victoria and Comox Airport in Fig. 69 and 70. 


TOTAL HEAT 
EXCHANGED 
Qa 


uw 
Nn 
°o 


Nn 
§ 


n 
om 
°o 


200 


ENERGY — gm. cal./cem* /day 


Qh 


” 
° 
- 
> 
Ss 
7° 
~ 
ow 
E 
S 
> 
E 
o 
' 
2 
= 
e 
a 
a 
° 
a 
a 
> 
Ww 


EVAPORATION E 
gm. /om*/ day 


Fic. 69. Seasonal variation of heat budget terms for Victoria, 1950. 
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Fic. 70, Seasonal variation of heat budget terms for Comox Airport, 1950. 


The total energy exchanged between the sea and atmosphere Q, can be 
considered as the sum of the heat of evaporation Q, and the sensible heat 
exchanged by convection Q,;. Mean monthly values of Q, have also been 
tabulated and graphed on a seasonal basis. 


8.7 Net AMount oF HEAT TRANSPORTED BY CURRENTS AWAY FROM THE STRAIT 
OF GEORGIA 


With a knowledge of all factors in equation (33) except Q, and Q,, it is 
possible to determine the net amount of heat Q, transported into or from an 
area by ocean currents if Q;, the heat gained in increasing the temperature or lost 
in cooling the water column, can be determined. Computations for Q; have been 
carried out for the stations where the other factors have been evaluated in the 
Strait of Georgia. Temperature data from oceanographic stations occupied as 
nearby as possible have been used. 

Surface effect of heating and cooling appears to extend only to a depth of 
about 20 m., below which seasonal variation of temperature is largely influenced 
by advection. This depth corresponds, approximately, to the base of the thermo- 
cline layer. For this reason it was deemed justifiable to consider that the heat 
lost or gained at a particular station in cooling or heating of the water column 
could be based on the upper 20 m. The mean monthly values of heat gained or 
lost in heating or cooling of the water column are given in Tables XXII(A-E) 
for the different localities considered in the heat budget where water tempera- 
ture data were available. 
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The net amounts of heat transported into or out of the individual areas by 
currents Q, are also represented in the Tables. On an annual basis, there is a net 
loss of heat from the Strait of Georgia system. This is to be expected in such an 
area of the given latitude where there is an excess of precipitation and runoff 
over evaporation and a net outflow of water at the surface. Heated surface water 
of the summer months carries with it the energy imparted to it by solar radiation 
and deposits it in the heat sink of the Pacific Ocean. 

In order to check the reliability of the results gained from the heat budget 
analysis, a comparison should be made with results obtained by an independent 
method. This is possible by means of the seasonal mean temperature data for 
the inflowing and outflowing water in the Strait of Georgia. A monthly balance 
of heat content in the system can be established on the basis of an equation 
similar to the fresh water balance equation (19). Accordingly, the change in heat 
content of the system, in a given period of time, is the difference between 
inflowing and outflowing heat transferred by advection plus the heat brought 
in by horizontal diffusion and the net heat from radiation and exchange with 
the atmosphere. This can be expressed as 


AQ = Q: — Q.+Qn+Qrt+ Or (41) 


where Q, and Q, are the amounts of heat carried in and out by advection in the 
system, Qp is that brought in by diffusion, and Q, is the net heat from radiation 
and exchange with the atmosphere. The heat carried in by runoff is denoted by 
Qr. The volume of runoff compared to that of deep inflowing water is generally 
small. Moreover, the temperature of runoff water does not differ much from that 
of the deep water. Hence, in the first approximation, the contribution of heat 
by runoff can be neglected. 
The advection terms in (41) can be replaced by 


Q, = ViTwiCy: (42a) 
and Q, Vol lcs (42d) 


where V, , V, are the volumes of inflowing and outflowing waters, respectively, 
and T;, T, are their respective mean temperatures. In each case, the mean 
density of the water is denoted by p and the specific heat by C,. The heat 
exchange by horizontal diffusion is unknown but, again, it is assumed to be small 
compared to the exchange by advection. ‘Then the difference between the net 
change in heat content of the system and the net heat from radiation and 
exchange with the atmosphere is considered, in the first approximation, as the 
heat exchange effected by advection, viz.: 


AQ — Oz = Q). (43) 


Assuming the density and specific heat of inflowing and outflowing waters not 
to be significantly different, one can write (41), with the necessary substitutions, 


as Q, = pC, (ViT; — V7.) . (44) 








= a. a ee eee =] 
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Introducing 1.02 gm./cm.° for p, 0.940 cal./gm./°C. for C, and dividing through 
by 6900 km.*, the area of the Strait of Georgia, to bring the result to per unit 
area basis, one obtains 








Q, = 13.9(V,T; — V.T,) . (45) 
This equation gives the heat lost or gained per month in gm-cal./em.* if VjT; 
and V,T, are given in km.* °C. 

Monthly volumes of inflowing and outflowing water have been taken from 
the fresh water budget analysis. The same stations across the Strait of Georgia 
from Point Roberts to Active Pass used in the fresh water budget have also been 
applied for the temperature study. Mean temperatures at these stations have 
been obtained by averaging the temperatures for the water column above and 
below the level of no net motion chosen. The depths of zero net velocity were 
taken at approximately 20 m. in all cases. This is consistent with the depth to 
which the local heating and cooling of the water column was considered in the 
heat budget analysis. The mean temperatures for each survey have been 
graphed in smooth seasonal plots and mean monthly values have been taken 
from them (Table XXIV). The heat lost or gained through water exchange has 
been evaluated from equation (45) and monthly values are also given in 
Table XXIV. A comparison of these values given in gm-cal./cm.?/day with those 
obtained from the heat budget analysis in Tables XXII(A-E) shows a reasonable 






















































TaBLe XXIV. Heat lost or gained by the Strait of Georgia computed from 
water temperatures and exchange. 
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6.26 642 231 227 1450 1460 190 139 4.7 
5.62 0.9 61.35 500 496 -2 -27.8 0.9 
7-20 29-7 23-9 153 1 8 -27.8 
71.0 59-1 666 410 -256 -3560 -117 
10.56 7.60 117 92.3 1236 702 534 -7420 “285 
11-42 6.28 106 75.9 1211 629 562 £090 -265 
12.34 165 145 2036 13357 699 -9720 314 
12.30 215 202 2620 199 -661 -ATO 311 
11.44 9.42 108 96.5 1199 909 -261 =3N0 128 
9-64 8.86 98.3 89.9 797 
7-56 8.34 112 105 Gh7 859 12 167 5.5 
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To = moan temperature of outflowing water; 
T{ = moan temperature of inflowing water. 
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agreement during the spring and summer months. Results for other seasons, 
September to February, show considerable discrepancy. This can be largely 
attributed to the unreliability of winter meteorological data used in the expres- 
sions employed here for the heat budget study. The general conclusion, how- 
ever, that the Strait of Georgia is a heat source to the Pacific Ocean is strongly 
confirmed. 

The agreement obtained above, for much of the year, suggests that exchange 
by horizontal diffusion is comparatively small during this period. How much of 
the discrepancy during the remainder of the year is due to the data, and how 
much is a result of the neglect of horizontal diffusion, is unknown. It is reason- 
able to assume that the largest effect of horizontal diffusion occurs during the 
winter months when the two-layered flow breaks down in the greater part of the 
Strait of Georgia. This is also the period of large deviation in the heat exchange 
computed by the alternate methods. The two independent equations of heat 
balance and water balance might offer a suitable method for evaluating hori- 
zontal diffusion coefficients. More reliable data for the heat budget than have 
been available in this work must be used if confidence is to be placed in the 
results. 

Daily surface sea water temperatures observed at Entrance Island (Fig. 67) 
offer a method of predicting the temperature of inflowing and outflowing waters. 
The plot of mean monthly surface sea water temperatures against the mean 
temperature of the outflowing water shows a curve which can be broken down 
essentially into two straight lines. One line appears to show a reasonable relation 
between the two series of temperatures observed from October to April, inclusive. 
The other line relates the temperatures observed from April through September. 
The discontinuity is apparently a result of intensive stratification and surface 
warming during the summer months, as opposed to a vertically mixed water 
column in winter. The relations which hold within certain limits are given for the 
two periods as follows: 


October-April T, = 1.037,+0.70° C.; (46a) 
May-September T, = 7.80+0.2637,3-0.50° C. (465) 
Mean monthly surface water temperatures T, at Entrance Island, along with 
observed and calculated mean temperatures of the outflowing water T,, are 
given in Table XXV. The deviations of the calculated values of T, from the 
observed values have a definite significance. They are a measure of the lag in 
response of the water column to changes in surface heating. Thus, in spring and 
early summer, there is a positive deviation in predicted temperatures from the 
observed values. In late summer and autumn, the deviation is negative. The 
deviation is very small during March and July indicating a near-equilibrium 
condition between surface temperatures and the temperature of the upper layer. 

The temperature of the inflowing water can also be related linearly to the 
surface water temperature, within certain limits. The hysteresis effect of the lag 
in response of the deep water to changing surface temperatures is even greater 
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TaBLeE XXV. Observed and calculated mean temperatures of outflowing 
and inflowing waters. 
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lated Deviation lated Deviation 


Month Tt s To To. Ty Ty} 
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5.59 6.28 5.76 0.52 642 7.31 20.89 
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T, = surface texperature observed at Bntranse Island. 





than in the upper layer. The straight-line relation between the mean temperature 
of the inflowing water and the surface temperature is given by 


T; = 6.40 + 0.163 T, + 1.30° C. (47) 


The calculated values and their deviations from the observed values are given 
in Table XXV. The deviations are quite large and should be applied as correc- 
tions to the calculated values, in order to obtain a better estimate of the 
temperature of inflowing water. 

It is now possible to make a reasonable prediction of the heat entering or 
leaving the Strait of Georgia by advection as given in (45). Daily sea water 
temperatures are observed at Entrance Island on a continuous basis. Volumes 
of inflowing and outflowing water can be calculated as shown in Section 7.7. 
The crudeness of the method does not allow too much confidence to be placed 
in the results during the low-temperature period of midwinter. As the tem- 
peratures increase, however, the reliability of the predictions improves. 

The temperature of inflowing water is influenced by both the deep Juan de 
Fuca Strait water and surface Strait of Georgia water. During late summer, the 
deep water of oceanic origin reaches its minimum temperature, whereas surface 
temperature is near its peak. The inflowing Strait of Georgia water receives a 
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compensating effect from the two extremes of its constituent waters at this time. 
A well-defined linear relation with surface water temperature cannot be expected. 
Hence the monthly deviations to a prediction equation should be applied as 
corrections. 


9. SOME GENERAL CONCEPTS OF INSHORE OCEANOGRAPHY 


An average picture as obtained by averaging many data in an inshore area 
such as the Strait of Georgia is non-existent and, hence, not too meaningful. 
A large number of surveys averaged out would be a waste of time, effort, and 
expense. A survey taken as rapidly as possible can be regarded as far more 
useful in that it represents, at least roughly, conditions in the area at the time 
of observations. The deviation of properties from a general average can be of 
considerable value in establishing the predictability. The predictability is gener- 
ally inversely related to the deviation from the mean. Distributions plotted near 
the surface are only of value to show the general conditions. Details cannot be 
predicted and their significance lies only in the fact that they exist and must 
be recognized. 

The oceanography of the Strait of Georgia can be affected markedly, at 
least in the surface layer, by the meteorological factors. It is hardly valid, there- 
fore, to consider the surface conditions of one year to be entirely representative 
of other years inasmuch as weather conditions can vary widely from year to 
year. Mean monthly values of the meteorological conditions such as winds, 
barometric pressure, and temperature in an area, have far more meaning than 
single spot observations. The mean values give essentially the integrated effect 
over a period. This can also be true in surface water temperatures or salinities, 
or in mean sea levels, to the extent that meteorological effects are directly 
reflected in these variables. It has been said that the changes occurring during 
a day in the atmosphere may require as much as 10 days in the sea. The further 
removed from direct meteorological influence in the sea, the more steady will 
conditions be. The sea acts as sort of a buffer to abrupt changes and responds 
only slowly to seasonal changes in the atmosphere. Hence, conditions observed 
in the deep water in a particular survey may be considered as quite well repre- 
sentative of conditions existing for a period of 2 weeks or a month, depending on 
the season. A; 

The extent to which the sea acts as this type of a buffer is also largely 
determined by the vertical mixing processes which occur. For example, areas in 
mid-Strait of Georgia are, in general, stratified and very stable to mixing during 
the summer months. The trend of daily surface sea water temperature can be 

observed to follow very closely the trend of mean daily air temperature as 
shown for Entrance Island (Fig. 67). Here the fluctuations in the thin upper 
layer of water are very closely tied together with the daily changes in the 
atmosphere. Even the diurnal variation of suface water temperature is related 
to the insolation. Variation of these properties in the deep water, on the other 
hand, is restricted because changes occurring by molecular conduction of heat 
or molecular diffusion of salt are slow. Vertical eddy transfer processes are small 





fo 
ak 
re 
av 
wl 


th 
St 
scl 
eff 


ste 
















477 


and ineffective. In other words, the deep water is “insulated” from the surface 
effects and conditions there are relatively constant. 

The other extreme in which the change of conditions in the sea might be 
related to the change in the atmosphere is the region of intensive vertical mixing 
as exemplified by mixing areas of the Southern Strait. Here the eddy transfer 
of surface water toward the bottom and deep water toward the surface eliminates 
the extremes in conditions in the water column. There is no insulating effect 
of a stable surface layer and the whole column of water feels the effects of 
atmospheric changes. Temperature of the surface water lags considerably behind 
that of the atmosphere and the seasonal change is small. This is best represented 
in the daily sea water temperatures observed at Race Rocks ( Fig. 68). 

The normal procedure of spacing stations horizontally in a survey and 
bottles vertically in a hydrographic cast can only provide a picture of macro- 
distribution of properties. In other words, plots of the distributions of variables 
both horizontally and in section show only the broad picture of the distribution. 
To obtain detail it is necessary to apply some type of continuous recording 
device. This has been fulfilled to a considerable degree in such instruments 
as the bathythermograph (B.T.) and the salinity-temperature-depth recorder 
(S.T.D.) These instruments have shown that there are discrete transition regions 
both vertically and horizontally where properties change abruptly in very short 
distances. This is particularly true in regions of major fresh water influence. 
Mixing does not appear as a continuous process but occurs in sharp interfaces 
which are represented by “tide lines” or “fronts” commonly observed in surface 
water. Aerial photographs have shown these fronts as concentric rings surround- 
ing the region of mixing (Fig. 58). 

One of the major purposes of oceanographic study is the provision of a basis 
for prediction of conditions. In the Strait of Georgia the extent of such predict- 
ability is limited. The broad features of the distributions can be predicted to a 
reasonable degree of accuracy. Knowing the meteorological conditions such as 
average air temperature, precipitation, and runoff, one can predict the changes 
which may occur from year to year. However, it is in the detail of conditions 
where the predictability is particularly inadequate. The daily tidal influence, 
the winds, and the daily fluctuations in runoff introduce a combination of factors 
which produce essentially random distributions of properties in the surface 
waters. This randomness increases as the distance from the northern and 
southern channels increases. At the channels, the intensive tidal effect produces 
variations in conditions which correspond in periodicity to the tidal cycle. 


9.1 ON THE PLANNING OF OCEANOGRAPHIC SURVEYS IN INSHORE AREAS 


A study such as conducted here should provide some guiding principles in 
the planning and conduct of surveys for inshore areas of a type similar to the 
Strait of Georgia. It has been shown that there appears to be little value in 
scheduling stations for particular stages of the tide in order to eliminate tidal 
effect in a survey. Instead, a “synoptic survey” can be best obtained by taking 
stations as rapidly as possible. The time effect is the major problem. Tidal 
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influence on the properties can be established quite well in the connecting 
channels where tides are strikingly reflected in the water movements. Anchor 
stations occupied here can provide useful information and data which can be 
repeated. 

Stations in a survey should be adjusted so that regions of large horizontal 
and vertical gradients are adequately covered. Some fairly standard grid net- 
work should be followed as much as possible. It must be remembered that data 
representation is greatly facilitated by regular sections. Vertical distribution of 
samples should be so arranged that sharp gradients in properties are picked up. 
Such discontinuities may occur not only in the surface waters where large 
gradients in salinity and temperature are regularly observed, but also in the 
deep water where biological processes may reduce the dissolved oxygen and 
increase the nutrients. In establishing what properties are to be studied, emphasis 
should be on as many measurements as possible at each station which will 
contribute to an understanding of the processes sought. For example, dissolved 
oxygen and phosphate data will often bring out clearly processes which are only 
suggested by salinity and temperature data. In this way, supporting evidence 
can be gained from various observations for a particular hypothesis set forth. 

If a seasonal study is to be made in an area, particular care should be used 
in planning the first regular survey. Subsequent surveys will in general be 
patterned after the first. A reconnaisance of the area with a brief survey, if no 
background information is available, should be conducted in order to establish 
the general patterns of the property distributions. Stations for seasonal coverage 
should then be planned accordingly. The choice of a time interval between 
surveys depends entirely on the seasonal variability of meteorological and 
oceanographic conditions. During the period of great variability, surveys should 
be spaced close together with no longer than a month between them. In the 
case of only small changes in conditions, the surveys can be spaced as much as 
2 months apart. It is often difficult to have an accurate, pre-conceived idea in 
the initial planning on the rate of change of conditions to be expected. Judgment, 
therefore, must often be based on the variations observed between preceding 
surveys so that the subsequent ones may be adjusted. 

Anchor station positions should be chosen in such a way that the large 
diurnal variations in properties can be anticipated. Such periodic variations in 
salinity, temperature, and currents can be expected to be greatest in the connect- 
ing channels. Some concept should be borne in mind of the type of study for 
which anchor station information is to be used if the data are to be employed 
effectively. As an example, for a quantitative evaluation of advection and diffusion 
terms, anchor stations should be planned on a line normal to the direction of 
flow. At least 75 hours should be taken at anchor stations consisting of 25-hour 
measurements during periods of different tidal ranges if reliable average data 
are to be obtained. The investigator should be aware of problems encountered 
in anchoring effectively in deep or active water. 

Besides oceanographic observations, there are numerous meteorological, 
hydrological, and Hydrographic Service (tide, mean sea level, currents) data 
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which will be necessary in the study. Some of these can be taken directly from 
aboard the research vessel during the survey and some are available from the 
various agencies that make such observations. 


10. SUMMARY 


The physical oceanography of the Strait of Georgia is largely affected by 
runoff, inflowing sea water, tidal mixing at the sills, and meteorological condi- 
tions. Three distinctive water masses exist in the Strait of Georgia—Juan de Fuca 
Strait system: (1) The brackish upper layer in the Strait of Georgia, varying 
from 5 to 25%o0 in salinity, is influenced by the large runoff. (2) The high- 
salinity, inflowing deep water of Juan de Fuca Strait, at about 33.8%o, is of 
oceanic origin. (3) The mixture of (1) and (2), forming the surface outflowing 
water in Juan de Fuca Strait and the deep inflowing water in the Strait of 
Georgia, is maintained at about 31.0%. Seasonal fluctuation in the controlling 
variables renders the Strait of Georgia a very dynamic system. Seasonal variations 
of runoff and inflowing sea water subject the system to large seasonal changes 
at the extremities where these variables are most pronounced. Total runoff, 
on a monthly average, varies from about 1.5 10° m.3/sec. in February to 
13 X 10° m.*/sec. in June. Salinity of inflowing water in Juan de Fuca Strait 
ranges only from about 33.5% in February to 34.0%0 in August. But, because 
of the large volumes of water involved in this inflow, the effects on the overall 
salinity of the Strait of Georgia can be very significant. The peak in runoff is 
followed closely by the peak in salinity of the source water, so that there is a 
compensating effect in the region of mixing. Thus the deep water in the Strait 
of Georgia undergoes only small seasonal salinity changes. 

Formation of Bottom Water, of about 7°C. and 31.1%0, occurs in late 
autumn when surface cooling sets in. A warm Intermediate Water, of about 
9°C, and 31.2%0, penetrates into the basin in late summer. Replacement of 
Deep Water occurs partially by displacement and partially by turbulence. 
Temperatures can be used as a tracer to follow the flushing process in the Deep 
Water. 

Density of the Surface Water in the Strait of Georgia is governed mainly 
by salinity. However, temperatures can be significant in altering the density of 
the deep, inflowing water. Also, in certain instances, severe winter cooling of 
the vertically mixed water in the Northern Strait can introduce instability. 
During some cold winters, a cold Intermediate Water of northern origin at about 
29.5%o and 6° C. is formed by this process. 

The various water masses in the Strait of Georgia-Juan de Fuca Strait 
system can be characterized quite well by T-S diagrams. Juan de Fuca water 
is identified by T-S relationships forming a wedge-shaped envelope. These T-S 
curves undergo a seasonal rotation pivoted near the low-temperature end. The 
Strait of Georgia T-S curves show a wider variability because of the extreme 
surface influences. Mixing of the two source water masses occurs across o; 
surfaces at the connecting channels. 
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The horizontal circulation in the Strait of Georgia is not clearly defined. On 
the basis of various types of evidence, a net counter-clockwise circulation is 
suggested in both the surface and deep water. Surface water movements are 
influenced to a large extent by tides, runoff, and winds. Circulation in the deep 
water is due primarily to the net effect of tides, density currents set up by the 
surface outflow of fresh water, and sea level difference between the open 
Pacific Coast and the strait. It is mainly the asymmetry of forces exerted across 
the strait which promotes the circulation. Drift bottle results show the large 
effect of winds on the surface water. Direct current measurements made over 
only one tidal day are not generally conclusive in establishing the net flow. 
They do show the two- layered flow, however, in the region most influenced by 
the Fraser River. The large effect of tides on the mass distribution invalidates 
the use of dynamic computations, in the normal sense, for studying circulation. 
Isentropic analysis, carried out on the o; = 23.5 surface, shows the intrusion 
of warm, high-salinity water in late summer, and cold, low-salinity water in late 
winter on the eastern side of the Strait of Georgia. Outflow of water of opposite 
characteristics in properties occurs on the western side of the strait during these 
transition periods. At all times, inflowing water is characterized by high dissolved 
oxygen, whereas outflowing water exhibits low oxygen. 

Sea level data, referred to a common Geodetic Datum for both Canadian 
and United States Stations in the Pacific Northwest region, afford a useful tool 
in oceanographic studies. Thus slopes of isobaric surfaces can be determined 
if the known slope of the sea surface is used as a reference. A sea level difference 
of as much as 23 cm. occurs between the Strait of Georgia and the open Pacific 
Ocean in summer. This has a significant effect on the flushing mechanism. The 
mean monthly sea level difference across Juan de Fuca Strait, which ranges from 
5 to 10 cm. on a line from Victoria to Port Townsend, has been applied to 
evaluate the effect of centrifugal force. On a mean monthly basis, centrifugal 
force is more significant, being about 100 times greater than Coriolis force. On 
a tidal basis, however, Coriolis force is dominant, being about 6 times as great 
as centrifugal force. 

Winds are most influential in moving and mixing the surface layer of brackish 
water. They have only a relatively small effect in causing a slope of the sea 
surface. 

Stratification in the surface water, as a result of runoff and insolation during 
the summer, resists mixing by both wind and tide. Cooling and strong southeast 
winds break down the stratification in autumn. 

The energy expended in mixing a stratified water column has been evaluated. 
Energy required to move the water from the deep basin into the shoaling region 
of the Southern Strait is about 1000 times as great as the “mixing energy”. 
However, the water loses the lifting energy when it returns into deep water, 
whereas it retains the mixing energy. Application of Keulegan’s criterion of mixing 
at the Fraser River estuary shows that the critical velocity of mixing is exceeded 


in all cases examined. Mixing values give reasonable agreement with observations 
of salinity. 
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For a quantitative analysis of the fresh water budget, the Strait of Georgia 
was simplified by assuming the system closed off at its northern end. Runoff is 
the major source of fresh water, the Fraser River contributing about 80%. The 
annual runoff would be equivalent to about 20 m. depth on the surface of the 
strait. Compared to this, direct precipitation is about 1.2 m. and condensation 
probably less than 0.01 of the precipitation. On the basis of 33.8% for the 
salinity of source sea water, the seasonal variation of total fresh water in the 
strait was determined. During the winter, this fresh water volume is equivalent 
to about 1.3 years of Fraser River discharge. A seven-fold increase in runoff 
from April to July is reflected in only a 22% increase in total fresh water of the 
system. Water inflow and outflow in the strait have been evaluated taking into 
account the changes in runoff, fresh water volume, and total water volume in 
the system over the year. Normally, the volume outflow varies from less than 6 
times the river discharge in late March to about 20 times the river discharge 
following the peak runoff in summer. On an average annual basis, the volume 
of outflowing water during one semi-diurnal tidal cycle amount to about 5% of 
the tidal prism. 

Hypothetical alterations of runoff and salt water inflow have shown that 
changes in runoff are relatively unimportant compared to changes in source 
sea water in their effects on the salinity of the system. 

The heat budget has been analyzed by the latest techniques applied to 
available meteorological and oceanographic data for five stations selected in 
the Strait of Georgia and adjacent waters. The regional variability in the heat 
budget terms is largely a result of the variation of the surface water temperatures. 
Maximum evaporation in the vertically mixed region of the Southern Strait 
occurs during late autumn and midwinter. Negative values (condensation) were 
obtained for midsummer. In the Central and Northern Strait, where the water 
is stratified and surface temperatures are high in summer, there is a peak 
evaporation in midsummer. Cold surface water in winter reduces the evaporation. 

The amount of heat removed from the Strait of Georgia by advection was 
computed as the difference between the heat deposit and heat withdrawal by 
the known factors in the heat budget. There is a general loss of heat through 
the warm outflowing surface layer in summer. Some heat is gained by the system 
from the comparatively warm inflowing layer in winter. An independent check 
was made on the heat budget results by applying the volumes and mean 
temperatures of inflowing and outflowing waters. Good agreement was obtained 
in spring and summer, but discrepancies occurred in autumn and winter. Based 
on the heat budget study, heat loss by advection amounts to about 30 gm- 
cal./em.?/day, on the average, which is about 10% of the incident radiation. 

In conclusion, it can be stated that the Strait of Georgia is a very dynamic 
system with large seasonal changes in the water characteristics. Gross features 
can be predicted within certain limits if runoff, meteorological conditions, and 
sea level changes are known. Detail in the changes, particularly near the surface, 
appears to follow a random pattern and is unpredictable with our present 


knowledge. 
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